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Abstract
The rotor hub is one of the most important features of all helicopters, as it provides the
pilot a means for controlling the vehicle by changing the characteristics of the main and
tail rotors. The hub also provides a structural foundation for the rotors and allows for the
rotor blades to respond to aerodynamic forces while maintaining controllability and stability.
Due to the inherent geometry and high rate of rotation, the rotor hub in its current form
acts a large bluff body and is the primary source of parasite drag on the helicopter, despite
its relatively small size. The rotor hub also produces a highly turbulent wake which can
affect the performance of the vehicle’s empennage and tail rotor. Much of the characteristics
and behaviors of this wake are still difficult to predict and analyze, but the application of
numerical simulations makes this task easier and more efficient. The turbulent and frequency
content characteristics were examined in the wakes of four helicopter rotor hub geometries
in forward flight. Computational fluid dynamics (CFD) simulations were performed using
NASA’s OVERFLOW 2.2n Reynolds-averaged Navier Stokes solver, and the simulations
imposed flow conditions based on previous and current experimental and numerical studies.
Surface force and velocity harmonics for several frequencies were computed and qualitatively
compared against available experimental results. Components of the Reynolds stress tensor
were computed and examined. Production and transport of the turbulent kinetic energy are
examined through the rotor hub wakes at six stream-wise coordinates. Frequency content
was found to be concentrated towards the retreating side of all hubs in most of the frequencies
examined, and certain geometrical features of the hubs were found to contribute significantly
greater portions of this frequency content than others. Reynolds stresses showed similar
concentrations as the mean velocity contours, which displayed a general bias towards the
advancing side due to the increased relative velocity. Modal analysis of the instantaneous
v

Reynolds stresses showed that perturbations directly behind the advancing side could only
be captured with a large set of modes. Integrations of a turbulent kinetic energy flux and
the stream-wise third-order moment showed a nearly-linear relation between the frontal area
of the hubs and the magnitudes of these quantities.
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Chapter 1: Introduction
The helicopter is a type of aircraft which uses an open-air rotor as its main source of
lift and control, and is capable of vertical take-off and landing (VTOL) and hovering flight
[1, 2]. An example of a helicopter is pictured in Fig. 1∗ . The controls afforded to the pilot
provide a full range of motion, allowing for longitudinal and lateral movement as well as
climbing and descending. Longitudinal and lateral movement is accomplished by tilting the
main rotor in the desired direction via the cyclic pitch, which changes how much lift each
rotor blade is producing depending on its azimuthal position. Vertical climb and descent
is done by altering the collective pitch of the main rotor, which changes the amount of lift
being produced by the rotor blades evenly. Yaw control is generally attained through the use
of a separate, smaller rotor which is oriented in a perpendicular fashion with respect to the
main rotor and located aft of the main rotor as part of the empennage. This secondary rotor
also acts to counteract the resultant torque produced by the main rotor. The helicopter
configuration described and pictured in Fig. 1 is the most common type of helicopter in
use and is thus considered the conventional configuration [1]. For their VTOL capabilities,
helicopters have proven useful in a myriad of applications, ranging from search-and-rescue to
logistics. They are also the predominant type of VTOL-capable aircraft due to their lower
energy consumption and relatively lower produced downwash, compared with other types of
VTOL-capable aircraft [1].
One of the most fundamental characteristics of any aircraft is its controllability, as this
is required to function as needed and to accomplish its intended task safely. For helicopters,
this has proven to be a challenge for multiple reasons. In the early development of helicopters,
the first problem tackled was the torque reaction on the vehicle from the large main rotor. In
the early development of helicopters, it was common to change the configuration and number
of lifting rotors in order to solve this issue. Some examples of early rotorcraft configurations
are shown in Fig. 2. Although multi-rotor configurations such as quad-copters (Fig. 2a),
tandem helicopters (Fig. 2b), and coaxial helicopters (Figs. 2c, 2d) were the common
∗

All figures and tables referenced are included in appendices at the end of this document.
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variations among the early pioneers, the single rotor with perpendicular tail rotor that is
common today was also seen [3]. Pascara’s design was groundbreaking for the time for
not only setting a world record in forward flight, it was also one of the first examples of
a rotorcraft’s use of modulated cyclic and collective pitch for control, instead of attaching
additional rotors [3]. This method of control would later become the standard for modern
helicopters as the technology progressed.
Other issues with controllability were also discovered soon in the helicopter’s development. In forward flight, an uneven lift distribution on the main rotor is created due to
the difference in relative velocities on the advancing and retreating sides of the rotor as
illustrated in Fig. 3. This dissymmetry of lift would cause the craft to roll strongly towards
the retreating side of the rotor. It was discovered that this issue could be solved by allowing
the rotor blades to independently flap, which would change the effective angle of attack
of each blade and thus change the amount of lift produced. Juan de la Cierva is credited
with first incorporating this solution into a successful vehicle with his Autogyros [2]. This
flapping motion in turn induces a Coriolis acceleration on the rotor blades, which can fatigue
the blades [1], necessitating the freedom to ‘lead’ and ‘lag’ horizontally [2]. The incorporation
of the flapping hinges, lead-lag hinges, and the mechanics required for control of the collective
and cyclic pitch onto the helicopter eventually led to the modern day rotor hub.
Modern rotor hubs are generally organized into four basic configurations, which are known
as the teetering, the fully articulated, the hingeless, and the bearingless [4]. The early design
of functional rotor hubs, consisting of many hinges, bearings, and linkages, is known as a
fully articulated hub and is still in use today, such as on the Boeing CH-46 pictured in Fig.
5. Although this configuration is mechanically complicated and has proven to have high
maintenance costs, it is reliable and is used on many helicopters [2]. The teetering design,
which is shown in Fig. 4, is a strictly a two-bladed design and incorporates a single hinge
located at the axis of rotation which allows the blades to move freely but dependently; as one
blade flaps upwards, the other blade flaps downwards. A stabilizer bar is also included to
increase gyroscopic stability. This design is in general more mechanically simple and is easy
to maintain due to the low number of parts [2]. The hingeless and bearingless configurations
(also referred to as rigid rotor hubs [5]) are similar to the fully articulated hub, except that
2

instead of hinges to account for operating loads and functionality, the structure itself allows
for bending. Examples of these types of hubs are pictured in Figs. 6-7. These systems
are more mechanically simple in their design but are structurally complex, and modern
composites are needed in their construction. These hubs are also relatively stiff, giving the
pilot a quick and firm response [2] but are susceptible to increased vibrational loads [5].
Due to their mechanical, structural, and operational importance, rotor hubs have never
particularly been designed with drag reduction or aerodynamics first. Rather, the focus
of rotor hub design has been mainly to prevent failure, increase reliability and decrease
maintenance and cost [4].

Despite this, much work has been done to study the drag

contributed from rotor hubs dating back to 1959 [6], and it was found early on that rotor
hubs typically contributed a majority of the vehicle drag, followed closely by landing gear
[7, 8]. Unlike landing gear, which can be retracted completely into the fuselage, the rotor
hub must stay exposed due to its rotation. Although various techniques have been developed
to reduce this drag, such as reducing the projected frontal area or hub fairings, it can be
expected that the rotor hub will contribute anywhere from 20% to 50% of the total vehicle
drag [4, 8, 9]. This problem has been exacerbated as rotorcraft forward flight speeds have
increased [8].
Another issue that was discovered as certain design choices were implemented, such as
increased disk loading and decreased vehicle size, is interactional aerodynamics [10]. There
are many different types of interactional aerodynamics present in rotorcraft flight, and one
of them is between the rotor hub wake and the empennage, including the tail rotor. This
can impose vibratory loads onto the empennage which increases the cost and frequency of
maintenance. It can also decrease the effectiveness of the tail rotor, decreasing the overall
controllability of the helicopter. The aerodynamic phenomena produced in the wake of the
rotor hub are so complex that for many years it has been, generally, entirely unfeasible
to address them with anything but flight testing [9]. With the advent of modern highperformance computing and increasingly accurate computational fluid dynamics (CFD), the
prediction and study of rotor hub wakes can be undertaken with increased productivity.
This includes identifying the spatial locations and sources of high-energy turbulent flow in
the wakes, the knowledge of which can help with improving rotorcraft designs and efficiency.
3

1.1

Research Goals

The primary focus of this work is to identify and characterize high-energy flow phenomena
in rotor hub wakes. Several rotor hub geometries are simulated and flow field characteristics
such as instantaneous velocity components and Reynolds stresses are computed and analyzed.
Fast Fourier Transform and Proper Orthogonal Decomposition (POD) are used to try and
uncover characteristic behaviors in the wakes. The primary objectives of this work are
summarized as,
1. Complete the domain discretization and simulation of four rotor hub geometries for
comparison.
2. Compute the Reynolds stress components and third-order moments from instantaneous
flow quantities at several planes positioned normally to the flow and at evenly-spaced
coordinates downstream of each hub.
3. Quantify frequency content in the wake by computing the discrete Fourier transform.
Perform a qualitative comparison against experimental results as appropriate. Spatially
locate and analyze the high-energy flow phenomena captured within the frequency
content.
4. Analyze the Reynolds stresses, third-order moments, and turbulent kinetic energy in
the wake. Assess their capture by the computational grid using Reynolds stress profiles
and the power spectral density.
5. Perform principle component analysis through the Identification of the dominant POD
modes of the Reynolds stresses.

4

Chapter 2: Background
2.1

Modern Rotor Hubs and Their Role

There are many different types of effective helicopter designs, each with specific advantages
and disadvantages. These designs are generally distinguished by their role and their main
rotor configuration, which can be installed into a singular configuration with a tail rotor
or into a multiple rotor configuration, also known as a compound helicopter. There are
several different types of compound helicopter configurations known as coaxial, tandem, and
intermeshing [5], and these are pictured in Figs. 8-10. Each rotor on a helicopter is centered
around a rotor hub, which controls the angle of attack of the rotor blades both individually
(cyclic pitch) and en masse (collective pitch); this control allows the pilot to modulate the
helicopter’s lifting thrust as well as the orientation of the main rotor(s) for longitudinal
and horizontal movement [2]. The rotor hubs must also account for aerodynamic forces
acting on the rotor blades which causes them to flap as they move azimuthally. Coriolis
accelerations and drag forces cause the rotor blades to lag in the in-plane direction [2],
requiring mechanisms to reduce the resultant stress and fatigue. The various types of
movements also make the rotor hub structurally complex, as it needs to also withstand
large centrifugal forces acting on the rotor blades and keep the rotor blades attached to the
vehicle. These functions are accomplished in a variety of ways depending on the kind of rotor
hub, and each kind has its own advantages and disadvantages. What follows is a summary of
the structural function of the rotor hub and its components; for a discussion on the history
of the development of rotor hubs, see Wall [11].
Arguably one of the most important and challenging functions of the rotor hub is the
control over the pitch of the rotor blades. This is difficult because control must be translated
from a non-rotating structure (the helicopter fuselage) to a highly-rotational one (the rotor).
For a majority of rotorcraft in use, this control transition is facilitated through the use
of a swashplate as seen in Fig. 11. The swashplate is made up of three components: a
non-rotating disk and a rotating disk [12]. The disks have a set of bearings between them
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to allow for rotation of the upper disk, and the rotating disk has connections for linkages
which connect to the rotor blades. These components are placed concentric to the rotor
shaft. Control links are connected to the non-rotating disk, and these vertically translate
or tilt the non-rotating disk based on inputs from the pilot. These inputs in turn affect
the rotating disk accordingly, which changes the vertical position of the attached linkages.
These linkages are attached to pitch horns connected to the rotor blades, and the change
in vertical position of the pitch horns causes a moment on the rotor blades, rotating them
and changing their pitch or angle of attack. An equal, vertical input from the control links
onto the swashplate will result in an equal change in angle of attack of the rotor blades; this
is known as collective pitch. An unequal, tilted input from the control links will result in
an unequal change in angle of attack of the rotor blades, which depends on the azimuthal
position of the rotor blades; this is called cyclic pitch. Each disk of the swashplate also
has an additional link known as a drive/anti-drive link or scissor link to ensure they are
rotating properly. The rotating disk has a scissor link attached to the drive shaft to ensure
it rotates with the blades, and the non-rotating disk has a similar scissor link attached to the
fuselage [5]. Other mechanisms to accomplish collective and cyclic pitch exist and have been
developed in the past, such as the Westland Helicopters spider system [12] or the Kaman
servo-tab [13], but the swashplate remains one of the most common implementations on
modern helicopters. In general, hubs will have this swashplate feature in common despite
how they accomplish their other functions.
Another feature common on helicopters are fairings, which can be used to cover the pylon
(lower portion of the rotor hub) or the hub itself as shown in Fig. 12. The pylon fairing
is much more common with modern rotorcraft, with every modern helicopter in production
having one incorporated into its design [4]. These pylon fairings in general will reduce hub
parasite drag significantly, as well as provide opportunities to modify the rotor wake [14].
Rotor hub fairings are less popular than pylon fairings, although partial fairings such as the
so-called “beanie” fairing, which is pictured in Fig. 13, have become common in helicopter
rotor hub design. The lower usage of hub fairings is due mostly to the increased weight,
structural complexity, and maintenance requirements outweighing any benefits from drag
reduction [4].
6

The first type of functional rotor hub to be developed was the fully articulated hub, and
is still a very common model used on helicopters today [2]. This hub, being the direct result
of early experimentation, is conceptually simple but mechanically complex. The complexity
of this type of hub is illustrated in Fig. 5. The fully articulated rotor hub’s distinguishing
feature is its use of several hinges to facilitate the three degrees of freedom needed by the
blades. Flapping is allowed through a horizontally-orientated hinge (known as the flap hinge),
and the lead-lag motion is similarly allowed through a vertically-orientated hinge known as
the lead-lag hinge or lag hinge. The geometry which allows the pitch of the blades to vary
is labeled as the feather hinge in Fig. 5, which is controlled by a pitch horn attached by
a pushrod to the swashplate. A damper is also generally attached to dampen the lead-lag
motion of the blades in order to prevent aeromechanical instabilities such as ground or air
resonance [2, 15]. Moving outwards from the rotor’s center of rotation, the order which the
various hinges appear in varies depending on the manufacturer and helicopter model, as well
as the form which the hinges take on. Examples of comparisons include the Aerospatiale SA
342 (flap-pitch-lag) versus the SA 330 (flap/lag-pitch) hubs (Figs. 14-15) and the Boeing
CH-46 (flap-lag-pitch) versus the CH-47 (flap-pitch-lag) hubs (Fig 5 and Fig. 16) [4]. This
rotor hub type is plagued by its high part count and required maintenance, as well as
increased vehicle drag due to its complicated geometry. The fully articulated rotor hub’s
manufacturing costs are also generally higher due to the increased part count compared with
other rotor hub designs [16]. Despite this, it has proven its worth by providing good control
of the helicopter and being reliable [2].
In 1943, Arthur Young flew a two-bladed single rotor helicopter, which was fitted with
a mechanical gyroscope of his own design. This device partially controlled the feathering
motion of the rotor, and acted as a stabilizer bar; this gave the helicopter greatly increased
stability and was much easier to control.

Young later collaborated with Bell Aircraft

Company which resulted in the Bell Model 47 pictured in Fig. 17, which was the first
helicopter to receive a civil certificate. The rotor hub incorporated onto this helicopter
and the ones that followed its design philosophy are known as teetering, seesaw, or semirigid rotor hubs. This type of hub was ground breaking at the time for a few reasons.
Unlike the fully-articulated hub, the teetering hub has no lead-lag hinge, instead being
7

strengthened in the in-plane direction. The flapping motion required to balance the rotor’s
lift in forward flight is handled by a single hinge centered on the hub as shown in Fig. 4. By
design it also provides greater stability through the stabilizer bar, while still maintaining a
relatively low part count. The removal of the lead-lag hinge also reduces the probability of
ground resonance by uncoupling the lead-lag motion of the rotor blades from the landing gear
motion [4]. Although the teetering rotor hub is limited to two-bladed rotors and does not as
reactive as controls as an articulated hub [5], the benefits of low weight, mechanical simplicity,
and greatly increased stability have made it the most popular rotor hub incorporated onto
helicopters [4].
Starting in the mid 1960s, efforts began to innovate on rotor hubs in order to reduce
rotor hub drag and simultaneously reduce mechanical complexity and maintenance costs.
This effort led to the advent of the class of hubs known as rigid rotor hubs. Physically
similar to the rotor hubs found on the helicopters of the early 20th century such as the
aforementioned Bréguet-Richet Gyroplane No. 1 shown in Fig. 2a, these rigid rotor hubs
are much more structurally advanced. The basic premise of these rotor hubs is to replace
mechanisms required to compensate for the various forces on the rotor hubs blades with solid
structures that bend and react, effectively acting like the hinges they replaced. Rigid rotors,
like the ones pictured in Figs. 6-7, incorporate composite materials such as fiberglass or
carbon fiber that allow for portions of the rotor hub and rotor blade root to flex in response
to the forces applied to them in flight [17]. Specifically, hingeless rotor hubs like the one
on the BO-105 replace the flapping and lead-lag hinges, but keep the feathering hinge (cf.
Weiland [18] for a developmental history of this rotor hub). Bearingless hubs take a similar
approach as the hingeless rotor hubs, but also do away with the feathering hinge. These rotor
hubs, which first showed up in 1966 [19], apply a torsion to the rotor blade root in order to
feather the rotor. These hubs are advantageous when considering part count, maintenance
costs, and weight. However, their design is challenging due to the use of composites, and
have been in general to be susceptible to increased vibrational loads [5, 20, 21]. The drag
from these rotor hubs is also not in general any less than that of fully articulated rotor hubs
[4].
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2.2
2.2.1

Aerodynamic Concerns
Drag

It was in the 1950s that drag began to be a more important aspect of helicopter design,
as helicopters were to be considered for roles requiring higher top speeds and greater flight
ranges; a decrease in drag could result in a significant increase in performance at those speeds
and ranges. Harrington [22] was the first to emphasize parasite drag as an important topic
for the future development of helicopters, and discussed the confirmed and possible major
contributors to parasite drag on helicopters: landing gear, engine exhaust stacks, coolingair systems, various aspects of the fuselage such as gaps and external protuberances, and
rotor hubs. Preliminary estimations made by Harrington showed that a 50% reduction in
parasite drag could result in a 25% increase in maximum range and similar improvements
to top speed and best speed for range. Concerning rotor hubs, Harrington pointed out that
although much was unknown about their contribution to parasite drag, it was known that
rotor hub fairings could significantly reduce their effective flat plate areas [22]. In 1959
Churchill and Harrington [6] conducted wind tunnel tests on 5 rotor hubs in production at
the time to determine the parasite drag, as well as to begin testing the effectiveness of rotor
hub and blade shank fairings. The hub geometries they tested were variations of the teetering
and fully articulated rotor hub types. They found that factors such as angle of attack, hub
rotational speed, and forward velocity had an inconsequential effect on the effective flat plate
area (∆f in Ref. [6], and fe in the current work) of the hubs. They also noted that the
rotor hubs’ drag coefficients tended to rise with projected frontal areas. Sweet and Jenkins
[23] continued with wind tunnel tests of several helicopter fuselages including several rotor
hub and pylon configurations, as well as landing gear. The two rotor hubs tested were both
fully articulated, with one being faired and having a 66% greater projected frontal area. The
pylons tested varied the distance between the rotor disk and the fuselage. They found that
besides the landing gear, the rotor hub and pylon installation contributed the most to total
vehicle parasite drag, estimating its contribution to be approximately 20 to 30%. They also
found, for their particular geometries, that the faired hub had no particular advantage over
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the unfaired hub, as the effects of streamlining the rotor hub were offset by the increase in
projected frontal area. Linville [24] performed wind tunnel tests of two hub and pylon fairing
configurations with a representative 4-bladed fully-articulated rotor hub, and compared them
to an unfaired rotor hub. The two hub configurations consisted of a rigid fairing, which was
a fitted, sealed cover for the rotor hub, and a floating fairing, which was an ellipsoidal fairing.
The rigid configuration also sat against the pylon, whereas the floating configuration was
vertically spaced away from the pylon. Their results showed that the floating rotor hub
configuration resulted in the greatest decrease in drag in comparison with the unfaired rotor
hub at Mach numbers up to 0.4. However, the reductions in drag for both the rigid and
floating configurations were significantly reduced (or completely negated, as was the case for
the floating configuration due to its relatively large projected frontal area) when the freestream Mach number approached and exceeded 0.6. They also concluded that reduction of
the projected frontal area of the rotor hub was particularly important for reducing parasite
drag. With the work being done and data being compiled, the rotor hub’s contribution to
parasite drag was now understood to be significant, and efforts would continue to understand
and reduce it.
As these efforts continued, several researchers and engineers worked to compile these
findings and shed light on the independent, controllable factors influencing rotor hub drag.
In 1975, Keys and Wiesner [7] compiled a summary of methods for reducing the parasite
drag of helicopters through the design and/or modification of fuselage components like the
landing gear, engine nacelles, and rotor hub. As noted in their paper, it was now known that
the main rotor hub and landing gear accounted for more than 50% of the total aircraft drag.
The contributions to parasite drag made by the landing gear could be reduced completely
by incorporating retractable landing gear, but the contributions from the main rotor hub
were not as easily diminished. Using hub drag trends, they estimated that hingeless rotors
had approximately 30% less parasite drag than fully articulated configurations, due to the
lack of the flapping and lag hinges as well as the lag dampers. They also noted that, if
using the hingeless rotor as a baseline, parasite drag could be reduced a further 30% by
incorporating a rotor hub fairing. For fully articulated hubs, they concluded that rotor hub
fairings were not as successful due to the resulting significant increase in projected frontal
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area. Boundary layer control (BLC) was also discussed, as it had been used in the past to
reduce rotor hub drag [24]; it was concluded to provide minimal benefit as the extra power
required would offset any power savings made by reducing drag. Another factor discussed
was the effects of interference drag between the rotor hub and the fuselage, which could be
reduced by increasing the spacing between the rotor hub and fuselage (pylon). However, this
must be balanced as increasing the exposure of the rotor shaft would inevitably increase the
overall parasite drag.
In 1976, Sheehy and Clark [25] used rotor hub drag data to produce semi-empirical
methods for predicting the drag of unfaired, ellipsoidal faired, and rigid faired rotor hubs.
This method was most significantly influenced by the projected frontal area of the rotor
hubs, but also took into account the amount of exposed rotor shaft as well as estimations of
interference drag. With wind tunnel testing this method proved to correlate within ±14%
for a large set of rotor hub configurations. The next year, Sheehy [8] conducted a similar
data review as what was done in Keys and Wiesner [7], but identified aspects which affected
parasite drag directly related to rotor hub design. The rotor hub frontal area, the use of
rotor hub fairings, pylon shape, hub/pylon spacing, the fuselage angle of attack, rotor hub
rotation, aerodynamic sealing, Mach number, and scaling effects and Reynolds number were
all discussed at length. As had been discussed in earlier works, the projected frontal area
of the rotor hub was shown to be the most influential aspect affecting parasite drag, and
remained the most important feature which future designs should take into account. Sheehy
also was able to quantify the balance needed for the clearance between the rotor hub and
pylon, as mentioned in Keys and Wiesner [7]. In 1981, Logan et al. [26] published their studies
of the YAH-64 and UH-60A helicopter configurations, which included both experimental and
analytical research, with a focus on rotor hub and pylon drag. The analytical analysis which
they performed used a fully viscous panel method for a majority of the helicopter geometries,
however the rotor hubs themselves were approximated using a momentum model based on
the correlation published by Sheehy [8]. This was due to the number of panels that would
have been needed to approximate the rotor hub’s complex geometry being much too large for
the program to sufficiently handle along with the rest of the helicopters’ geometries. Based
on the analytical analysis, wind tunnel models of the YAH-64 were made at approximately
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25% and 80% scale and tested, and results of the wind tunnel tests were compared with the
analytical results to find areas of agreement. Authors found, in agreement with previous
works, that fairings tended to reduce parasite drag and that hub rotation had a minimal
effect. During their analytical analysis, they were able to simulate engine airflow and found
that it had a noticeable effect on the helicopter parasite drag, particularly due to the inflow.
Scaling effects were also considered, and it was concluded for studies of the YAH-64 that a
Reynolds number based on rotor hub diameter (Rehub ) of 300,000 or greater must be achieved
in order to simulate full-scale conditions.
Starting in 1985 and continuing until 1989, a series of experiments to study rotor hub
drag as well as rotor hub fairing designs and hub/pylon interactions were performed at NASA
using the XH-59A Advancing Blade Concept helicopter pictured in Fig. 18 [27–31]. Felker
[27] tested both 1/5- and full-scale models of the XH-59A and studied the effects of angle of
attack, Mach and Reynolds number, hub rotation, and hub fairing geometry on rotor hub
drag. Models were tested at Mach numbers ranging from 0.2 to 0.5, and Reynolds numbers
of 1.1 × 106 - 2.3 × 106 (sub-scale) and 4.9 × 106 - 7 × 106 (full-scale). The hub fairings
tested included included minimum projected frontal area fairings for the individual hubs as
well as fairings for the rotor shaft exposed between each rotor hub. The best-performing
configuration reduced rotor hub drag by 21% compared with the unfaired configuration.
Their testing also found that, like the hub-pylon distance, the distance between the counterrotating hubs to be important for controlling interference drag. Young et al. [28] continued
testing with the 15 -scale model of the XH-59A, and included a more standard single rotor hub.
This work focused on testing various hub and shaft fairings for both rotor hub types, and
these geometries are shown in Fig. 19. The planform shape of the shaft fairings shown in Fig.
19d was found to influence parasite drag, as sloping the trailing edge resulted in a significant
drag reduction when compared with a rectangular planform. A reduction in the thicknessto-chord ratio of the intermediate shaft fairing of the coaxial configuration was also found to
be helpful, however the authors noted that it was only beneficial to achieve this reduction
by increasing the chord of the shaft fairing, as increasing the fairing thickness would result
in a larger projected frontal area and most likely increase drag. For coaxial hubs, they also
found that flat surfaces on the lower sides of the elliptical fairings resulted in a reduction in
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interference drag. The benefits of a flat-bottomed elliptical hub fairing, as noted in Stroub
et al. [29], are only beneficial for a single rotor hub configuration when used in conjunction
with a pylon fairing, and the rotor hub and pylon fairings are flush together. This eliminates
any separated flow between the hub fairing and the pylon as well as eddies shed from the
corners of the pylon. Graham et al. [30] and Sung et al. [31] performed continuation studies
on hub-pylon interference drag and the characteristics of rotor hub drag, respectively, and
studied these topics in more detail. In 1993, similar work by Martin et al. [32] studied the drag
characteristics of a bearingless rotor hub on the Bell Helicopter Textron Model 222 pictured
in Fig. 20, along with several hub and pylon fairing configurations. Success in reducing drag
was achieved with the hub and pylon configurations, with the best geometry having a total
drag nearly 21% lower than the unfaired geometry. This work also studied longitudinal and
lateral forces and moments on the aircraft, which affect stability and controllability. They
found that very large hub fairings, which increased parasite drag, also produced a decrease in
longitudinal stability. The pylon fairings tested were found in general to increase horizontal
tail effectiveness, but also decreased static directional stability due to the pylon planform
area and the affected sidewash on the vertical tail.
As computational power increased, numerical methods like CFD were evaluated for their
ability to accurately predict rotor hub surface forces as well as flow field characteristics.
In 2008, Potsdam and le Pape [33], under the US/France Memorandum of Agreement on
Helicopter Aeromechanics, performed CFD simulations of a NACA 0036 airfoil and planform
with the same cross-section to evaluate the abilities of current CFD methods to capture
the behavior of flow around helicopter engine pylons. Comparisons against wind tunnel
test results were made, and the authors evaluated the capabilities of RANS, turbulence,
and transition modeling.

In general, the CFD methods were found to be sensitive to

the particular numerical modeling schemes and dissipation associated with them. The
turbulence models used varied widely and showed discrepancies between each other, and
varied in terms of general performance. The CFD cases were also sensitive to chordwise
transition locations, which were controlled with inputs to the transition models. Consensus
between the CFD simulations and the experimental measurements of forces and surface
pressure distributions was enhanced by including the wind tunnel walls, however the flow
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visualization, qualitative behavior, and 3D effects did not compare as well. As the flow
was massively separated, the authors concluded that the present CFD methods were not
adequate for flow prediction, partially due to a lack of knowledge of some of the flow field
phenomena occurring. Renaud et al. [34] simulated the Dauphin 365N helicopter and focused
on fuselage performance and rotor-fuselage interaction prediction. Three RANS solvers were
evaluated using both unstructured and structured grids, and a nonuniform actuator disk
was used to approximate the rotor disk. Discrepancies were found between the CFD and
experimental data, however results were fairly consistent between solvers. The actuator
disk model used also correctly captured the fuselage pressures and qualitatively modeled the
time-averaged rotor and fuselage vorticity flow field. Smith et al. [35] also assessed state-ofthe-art methods for predicting rotor-fuselage interaction. The NASA-Langley ROtor Body
INteraction (ROBIN) experiments [36, 37] were used for comparison, and the authors used
unstructured and vorticity-transport-based Navier-Stokes solvers. Comparing against steady
and unsteady surface pressure solutions and wake geometry, it was found that frequency
content of the surface pressures were under-predicted but tended to match well between
the unstructured and vorticity methods. As viscous effects were not included in the solvers
used, characteristics of the surface pressures dominated by viscous effects were not captured
well. Antoniadis et al. [38] simulated a generic full helicopter geometry to evaluate several
grid types and RANS turbulence models as part of the GOAHEAD project. The greatest
discrepancies between the experiments and the simulation data were found downstream of
the main rotor hub and in areas of large separation. The authors note that some of the
details of the flow field in the rotor wake were not fully captured by any of the numerical
methods used. Agreement between the numerical and experimental results were adequate in
other areas of the flow field.
Shenoy and Smith [39–42] of the Georgia Institute of Technology (GIT) conducted a
thorough study of rotor hub drag using a variety of numerical methods. In 2011, Shenoy
et al. [39] used an unstructured code to identify sources of hub drag on a complex rotor hub
geometry, pictured in Fig. 21, in both model- and full-scale conditions. Scaling issues were
found, meaning that grids developed for the model-scale analysis could not be applied to a
full-scale analysis. Evaluation of the Reynolds number for each component when identifying
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sources of drag and interference effects was found to be required when scaling results from
model to full-scale, even for non-rotating configurations. Bluff body components of the rotor
hub were found to lead to nonlinear scaling of the drag, through changes in interference effects
as well as Reynolds number scaling. For rotating cases, the Magnus effect was identified to
play a role in the determination of the interference drag. Shenoy et al. [40] performed
CFD simulations of the same rotor hub, with both static and rotating cases. The rotor
hub geometry was broken down into basic components such as the driveshaft, hub plates,
pitchlinks, blade shanks, and swashplate; this enabled an analysis of each components’ drag
individually. Components of the hub where theoretical approximations were applicable were
identified as ones which stayed clear of the shed wake, such as the swashplate. Due to
interference and Reynolds number scaling effects, static analysis was found to be inadequate
for predicting drag and side forces on the rotor hub. In Shenoy and Smith [41], scaling
effects were studied by scaling the rotor hub to full-scale size. Components of the rotor
hub which were bluff bodies tended to contribute to drag nonlinearly, which was caused
through a combination of Reynolds number scaling and changes in the interference drag.
Drag of components with rectangular cross sections tended to not vary much with Reynolds
number, but this was not the case with cylindrical components. This was due to Reynolds
numbers on these components, particularly for the drive shaft and blade shanks, transitioning
from subcritical to supercritical values, which resulted in a 50%-67% drop in drag. Forbes
et al. [43] studied the effects of rotation on the drag, side force, and torque of this same
rotor hub using experimental methods. Drag was found to be affected insignificantly with
increases in rotation speed, which agreed with past literature. Scissor arms with a 2/rev
symmetry, when added to the rotor hub geometry, resulted in a 10% increase in drag but
also reduced the periodic drag variation amplitude. The side force experienced by the hub
was highly unsteady, with azimuth-resolved values changing sign within the time of one
revolution. During this work, and outlined in detail in Shenoy et al. [42], a new method
for overset unsteady grid feature-based adaptation was also developed. As a featured-based
method, this method involved choosing an indicator by which the computational grid could
be adapted. Although this method performed very well overall and was able to capture
rotor vortex-fuselage interactions which had before then not been captured numerically,
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uncertainty associated with the choice of adaptation indicator and the number of adaptation
cycles indicated that a better method was desired.
Khier [44] in 2014 performed a numerical study of various rotor hub fairings in order to
find methods for reducing drag, under the Clean Sky initiative in Europe. The geometries
were simulated using an unstructured code and a k-ω RANS turbulence model. The drag
of individual components of the rotor hubs, such as the blade stubs, blade attachments, and
dampeners, was computed. It was found that the blade stubs and attachments contributed
significantly to the hub drag, resulting in approximately 70% of the total hub drag. The
authors discussed that proper design of the hub fairings, coupled with streamlining the bluff
parts of the stubs, could result in a 17%-19% reduction in drag. Improvements in the fairings
themselves resulted in a 6% drag reduction at constant lift conditions.

2.2.2

Wake Behavior

In the 1970s, the wake behavior of the rotor hub and the subsequent interactional
aerodynamics started to be of interest to rotorcraft engineers. During the development
of the YUH-61A, extensive experimental research was performed in order to understand
the issues that had arisen from these phenomena and remove them. This analysis was
mostly focused on harmonic analyses, and the experiments included studies of the harmonic
content of fuselage surface pressures and velocity profiles of various parts of the helicopter.
A portion of this report was also dedicated to the study of rotor hub wakes [45]. As
part of the same program, Blake and Alansky [46] studied the downwash on the horizontal
stabilizer from the rotor wake, which was exasperated by the increased horizontal stabilizer
size. The larger stabilizer was incorporated in order to mitigate unsteadiness from the
rotor hub wake. To balance the need for a larger horizontal stabilizer and the increase
in downwash from the rotor wake, a movable horizontal stabilizer was incorporated, which
reduced the downwash by pitching during flight. In 1980, Sheridan and Smith [10] discussed
interactional aerodynamics and summarized the sources and issues identified in helicopter
design.

Wind tunnel testing was also performed and analyses of several interactional

aerodynamics sources were presented, including a discussion on the interaction between
the rotor, rotor hub, fuselage, and empennage. Lateral disturbances were recorded in their
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wind tunnel experiments at speeds between 60 and 80 knots, and the author notes that these
disturbances suggested an unstable interaction between the low pressure from the hub wake
and the flow near the top of the fuselage.
With this new focus, engineers and scientists began studying the unsteady rotor hub
wake in detail in the 1980s. As part of their analysis of rotor hubs and pylons mentioned
previously, Logan et al. [26] also studied the aerodynamics near the empennage to study
the rotor hub wake. They found that the asymmetric characteristics of the wake were
significant even at low speeds. Higher wake velocities and downwash angles were found
behind the advancing side of the rotor disk, and a strong sidewash towards the advancing
side was attributed to the swirl effect in the wake from the rotor hub. In Roesch [14], the
aerodynamic design considerations and challenges for the Aerospatiale SA 365N helicopter
were summarized. During the flight testing stage of development, tail shake problems were
encountered and found to be an excitation from the main rotor hub wake. This issue was
particularly exasperated in descent, which caused the wake to move directly over the vertical
tail. A comprehensive experimental research program was established to develop a solution to
this problem, and a new pylon fairing was designed to move the rotor hub wake downwards
and reduced its turbulence. This pylon fairing, coupled with a hub cap pylon, reduced
dynamic pressure loss at the empennage by 11% and reduced the drag area of the hub
by approximately 23%. In 1985 Roesch and Dequin [47] performed various experiments to
visualize and analyze the rotor hub wake, with both model- and full-scale geometries. Large
vortex structures were found in the wake of rotor hubs without blades, and these structures
had a strong interaction with the flow over the fuselage based on the hub/fuselage spacing.
This interaction, which caused the vortices to be shed with the blade passage frequency,
was significantly decreased the an increased hub/fuselage spacing. Energies in the wake
were also analyzed, and a spatial bias was found where the turbulent velocity fluctuations
were concentrated more on the advancing side of the rotor hub, while the periodic velocity
fluctuations (fluctuations with discrete frequencies associated with the hub geometry and
blade passage) were concentrated on the retreating side of the rotor hub. The scissor arms
were also found to a be a large source of velocity fluctuations with harmonic frequencies
corresponding to the rotor hub rotation, particularly in the 1/rev and 2/rev frequencies.
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From 1996 to 2002, Gorton et al. [48, 49, 50] studied the flow near the empennage of
a 15%-scale model of the RAH-66 Comanche helicopter with the US Army 2-Meter Rotor
Test System (2MRTS), as the aircraft had experienced high buffet loads on the empennage
during testing. The experiments, which were performed in the NASA Langley 14.5 ft × 21.75
ft wind tunnel, found the horizontal tail sustained large changes in the unsteady sidewash
and downwash angles due to the rotor wake. These effects also worsened with increasing
advance ratio, as this caused the rotor wake to impinge more fully on the horizontal tail.
At an advance ratio of 0.15, increased 2/rev frequency content of the vertical velocity was
recorded near the horizontal tail, however its cause was not discussed. As part of the same
project, Mason [51] performed an extensive analysis of the aerodynamic loads impinging on
the empennage, and focused on identifying these loads using spectral methods. Data from
structural frequency simulations performed using NASTRAN as well as flight-test data were
used to estimate loads on the empennage. The flow around the main rotor hub and pylon
and how it affected the flow near the empennage was investigated, however only general
recommendations for improvement were provided.
Berry [52] performed experimental investigations of the unsteady wake behind the same
rotor hub used in Gorton et al. [48, 49, 50], but with a generic helicopter fuselage which
was analytically designed. Periodic and turbulent velocity fluctuations were analyzed at
many points within the wake, starting from a streamwise coordinate corresponding to the
rotor blade root and extending to just beyond the blade tip, and approximately 1 rotor hub
diameter (Dhub ) in both spanwise directions. Average turbulence intensities were presented,
and it was found that the levels of this quantity were substantially greater on the retreating
side of the hub than the advancing side. Moving downstream, the levels of mean turbulence
also showed a lower decay rate when positioned directly behind the rotor hub. Unexpectedly,
the streamwise velocity component also exhibited increased 2/rev content as the measuring
coordinate moved downstream, until a point corresponding to approximately 50% of the
blade where the 4/rev content becomes larger. The author explained that the load on the
blades, which became significant near this point, could have been a possible explanation for
the switch in dominant frequency.
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At the turn of the century, engineers began applying CFD methods to rotorcraft
prediction and evaluating their capabilities. However, due to the complex nature of the
subject, most geometries used for simulation were simplified including the removal of the
rotor hub (cf. [53–58]). In 2013, Raghav et al. [59] one of the first extensive numerical
analyses of the rotor hub wake, as part of the work mentioned previously by Shenoy and
Smith [39–42]. A 1/4-scale four-bladed rotor hub model with Dhub = 0.44m, pictured in
Fig. 21, was used for analysis. An unstructured, overset grid was used in conjunction with
a hybrid RANS and large eddy simulation (LES) turbulence model was used to simulate
a baseline geometry as well as several increasingly simplified geometries to deconstruct the
drag. Both static and rotating conditions were simulated. Velocity characterization of the
near wake (x = 0.5Dhub ) showed good agreement with experimental work, particularly for
the rotating case. The wake offset due to the hub’s rotation was clearly captured, and
vorticity magnitude contours seemed to show better wake capture with the adapted grids
than with the initial ones. Power spectral density (PSD) of unsteady velocity data also
showed good agreement with experimental data with respect to behavior, and displayed the
expected −5/3 slope in most cases. Forbes et al. [43] used the PSD of velocity measurements
in the near wake x = Dhub showed an asymmetry in the 4/rev energy content, with higher
content being focused on the retreating side of the rotor hub.

2.3

Recent Research and Developments

From 2012, the US Army, Penn State University (PSU), the Georgia Institute of Technology
(GIT), and the University of Tennessee Knoxville (UTK) have been working together under
a National Rotorcraft Technology Center (NRTC) / Vertical Lift Consortium (VLC) Other
Transactional Agreement (OTA) to facilitate the development of Future Vertical Lift (FVL)
rotorcraft. This work was the first modern, high-quality work in the United States including
CFD and experimental studies of rotor hub drag, interactional aerodynamics, and rotor hub
wakes at full-scale Reynolds numbers. Experimental works at PSU and GIT were performed
under their Vertical Lift Research Center of Excellence (VLRCOE) chapter. In 2014, Reich
et al. [60] performed CFD simulations and experimental studies of a model-scale notional
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rotor hub geometry (known as the Baseline hub) at PSU. The CFD simulations were carried
out using an unsteady RANS (URANS) simulation routine with Rehub = 4.9 × 106 , and the
realizable k −  turbulence model was used for closure. Experiments were carried out in the
48-inch Garfield Thomas Water Tunnel using a 1:4.25-scale model at Rehub = 2.45 × 106 and
Rehub = 4.9 × 106 . Harmonic behaviors of the vertical velocity in the wake were measured,
with the 2- and 4-per-revolution (2/rev and 4/rev) harmonics dominating due to the rotor
hub geometry. Far wake (x = 3.5Dhub ) results agreed very well between the experimental
and numerical results. Results in the near wake (x = Dhub ) did not agree as well as the
far wake results due to small differences between the CFD and tunnel model geometries
such as surface roughness and corner sharpness. In 2018, Reich et al. [61] performed similar
experimental studies of the Baseline hub as well as a representative near-future, low-drag hub
called the Low Drag hub. The hub models were 1:17 scale, and the focus of the study was
to investigate interactional aerodynamics between the rotor hubs and engine pylon surfaces
and visualize the near wake. A frequency analysis of the velocity field of the wake generated
by these hubs, within a plane located at x = Dhub , found distinct behavior in the 2/rev
and 4/rev frequencies which highlighted a general bias of velocity fluctuations towards the
retreating side of the hub. This trend was opposite to the trend seen in the mean velocity
field in the same plane, and the cause for both trends was attributed to the increased relative
velocity on the advancing side and the Magnus effect. These results exhibit similar behavior
to what was reported in Roesch and Dequin [47].
Potsdam and Cross [62] performed CFD simulations using the Baseline hub geometry.
This work was primarily to assess the abilities of the DoD HPCMP CREATE-AV Helios
[63] for predicting rotor hub performance and wakes. The near-body turbulence closure
was accomplished using the Spalart-Allmaras Detached Eddy Simulation (SA-DES) model,
and various off-body treatments were used and compared. Direct comparisons against the
results from PSU were also used for this work. It was found that drag hub was predicted
reasonably well, with differences between the CFD and experimental results staying with
6.5%. The wake deficit was found to be under-predicted, the authors observed that the
wake frequency content in general, particularly in the near wake (x = Dhub , was not wellcaptured. Potsdam and Sitaraman [64] similarly assessed CREATE-AV Helios using both
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the Baseline geometry and the Low Drag hub. Along with drag, rotor hub wake impingement
on a horizontal stabilizer was studied and results were compared with experimental data [65].
The horizontal stabilizer was installed at x = 3.5Dhub , which was equivalently scaled from
a heavy-lift commercial helicopter. Total hub drag compared well against the experimental
work, and the drag reduction between the Baseline and Low Drag hubs was captured very
accurately. Lift harmonics of the horizontal stabilizer were found to not agree well with
experimental data, and convergence of lift statistics was found to require 15-20 rotor hub
revolutions. Coder [66] studied the effects of employing transition modeling to rotor hub
simulations, but found no appreciable difference between transition modeling and simulating
the system as fully turbulent. The author notes that any significant improvement in hub
drag would most likely be found through a reduction in flow separation. Wall and Coder
[67] performed modal decomposition analysis on the same rotor hub geometries in addition
to a third hub, which was the same geometrically as the Baseline hub but was defeatured by
removing the scissor arms and swashplate. This configuration is hereafter referred to as the
Defeatured Hub. This study included proper orthogonal decomposition and various other
system decomposition results and identified coherent behaviors within fixed frequencies, such
as 2/rev and 4/rev, in the rotor hub wakes; it also showed a lack of coherence in the cycleto-cycle variations. Spectral proper orthogonal decomposition revealed coherent structures
in the frequency content of the streamwise momentum, but modal energy proved to be
invaluable for identifying which modes contained these coherent structures.
Throughout this work, several Rotor Hub Workshops were convened to compile together
the data and results from these works, and to discuss and compare results. These workshops,
which took place in 2016, 2018, and 2020, are summarized in Schmitz et al. [68, 69, 70]. The
work discussed in this document is a continuation of the work summarized in these Rotor
Hub Workshops under the OTA mentioned.
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Chapter 3: Analysis Methodologies
3.1

Rotor Hub Geometries

Four rotor hub configurations were simulated in this study and are based on those used in
Schmitz et al. [68, 69, 70]. Previous numerical work with three of these rotor hub geometries
is documented in Coder [66] and Wall [11], Wall and Coder [67]. One of the water tunnel
models used in the experimental work is shown in Fig. 22 with components labeled, and
all of the geometries used in this study have some or all of the components shown. This
model, known as the Phase III hub, is a model-scale simplified geometry of a present industry
standard rotor hub, and was provided to VLRCOE by Sikorsky Aircraft Corporation [60].
The four geometries are designated as the Baseline hub, the Defeatured hub, the Low Drag
hub, and the Phase III hub, respectively (Fig. 23). The Baseline hub (Fig. 23a), represented
what was considered a standard rotor hub common in use, with rotor blade arms, upper and
lower spiders, scissor arms, and a swashplate. The Defeatured hub, (Fig. 23b), was based
on the Baseline hub, but the scissor arms and swashplate were removed. This model was
inspired by Potsdam and Cross [62], where it was found that the blade arms were the greatest
contributors to drag, followed by the swashplate and scissor arms. The swashplate and scissor
arms were also found to be significant sources of frequency content in the wake. The Low
Drag hub (Fig. 23c), was also based on the Baseline hub and featured aerodynamically
optimized rotor blade arms and only the lower spider. It should be noted, as per Wall [11],
the Defeatured and Low Drag hubs have the same frontal projected area. Lastly, the Phase
III hub (Fig. 23d), contained all the features as the Baseline hub, as well as a circular
indent on the top spider. This hub geometry was included as it fully mimics the watertunnel model (Fig. 22) used in Schmitz et al. [68, 69, 70]) and is thus a direct comparison
to those results, as well as the current experimental results shown in this work. Notably,
the pitch links were removed from the Baseline and Phase III models, as they were for the
experimental work. Past works have shown that the pitch links do not appreciably affect
the drag characteristics of rotor hubs [41, 60]. For this study the hubs were simulated in
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free air and were isolated from all other geometry including the wind tunnel pylons used
in experimental works. Prior experimental and numerical studies with the Phase III hub
installed in the tunnel are documented in Potsdam and Cross [62], Potsdam and Sitaraman
[64], Coder [66], and Wall and Coder [67].

3.2
3.2.1

Computational Methodology
Governing Equations and Solving Methods

The simulations for the four hub geometries were performed using the structured, overset
Reynolds-averaged Navier-Stokes (RANS) solver OVERFLOW 2.2n code [71], which is
a density-based, node-centered, finite-difference code. This solver was developed and is
maintained by NASA. OVERFLOW is capable of simulating axisymmetric, two-dimensional,
and three-dimensional geometries, and supports six degree-of-freedom motion. This solver
solves the Navier-Stokes equations implicitly, using a generalized form in curvilinear
coordinates which is given as [72],
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∂ ~
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(3.1)
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~ are the inviscid fluxes which
where ~q is the vector of conserved variables and E,
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The contravariant velocities U , V , and W in Eq. 3.2 are

U = ξt + ξx u + ξy v + ξz w
V = ηt + ηx u + ηy v + ηz w
W = ζt + ζx u + ζy v + ζz w
The viscous flux terms, denoted by the kinematic viscosity ν subscript, are given as
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where

τxx = λ (ux + vy + wz ) + 2µux

τxy = τyx = µ (uy + vx )

τyy = λ (ux + vy + wz ) + 2µvy

τyz = τzy = µ (vz + wy )

τzz = λ (ux + vy + wz ) + 2µwz

τxz = τzx = µ (uz + wx )

βx = γκP r−1 ∂x e1 + uτxx + vτxy + wτxz

βy = γκP r−1 ∂y e1 + uτyx + vτyy + wτyz

e1 = eρ−1 − 0.5 u2 + v 2 + w2

βz = γκP r−1 ∂z e1 + uτzx + vτzy + wτzz

and λ is from Stokes’ hypothesis and is −2/3µ, µ = ν/ρ is the dynamic viscosity, γ is the
ratio of specific heats, κ is the coefficient of thermal conductivity, and P r is the Prandtl
number. The terms u, v, and w are the traditional Cartesian velocity components. As noted
in Pulliam and Steger [72], it is understood that the Cartesian derivatives (ux , vy , wz , etc.)
are expanded in the curvilinear coordinates using the chain rule as, for example,

ux = ξx uξ + ηx uη + ζx uζ
The pressure P term in Eq. 3.2 is defined using the ideal gas law as
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P = (γ − 1) e − 0.5ρ u2 + v 2 + w2
The transformation derivatives in Eq. 3.3 and Eq. 3.4 are

ξx = J (yη zζ − yζ zη )

ηx = J (zξ yζ − yξ zζ )

ξy = J (zη xζ − xη zζ )

ηy = J (xξ zζ − xζ zξ )

ξz = J (xη yζ − yη xζ )

ηz = J (yξ xζ − xξ yζ )

ηx = J (yξ zη − zξ yη )

ξt = −xt ξx − yt ξy − zt ξz

ηy = J (xη zξ − xξ zη )

ηt = −xt ηx − yt ηy − zt ηz

ηz = J (xξ zη − yξ xη )

ζt = −xt ζx − yt ζy − zt ζz

and the Jacobian J from Eq. 3.2 and Eq. 3.4, as well as the spatial transformation
derivatives, is given as

J −1 = xξ yη zζ + xζ yξ zη + xη yζ zξ − xξ yζ zη − xη yξ zζ − xζ yη zξ
Flux Calculations
A 5th-order weighted essentially non-oscillatory (WENO) reconstruction scheme [73] with
Roe flux-difference splitting [74] was used in the calculations of mean-flow convective fluxes
at the computational cell interfaces from Eq. 3.1, which is necessary to develop a continuous
flowfield solution using the discontinuous, piecewise data available. Waves running in both
directions from both sides of the interface combine to communicate data between the cells.
In the ξ direction, Eq. 3.1 can be simplified to a hyperbolic conservation law, which is solved
at every cell within the computational domain:
∂~q
∂~q
+ Â
=0
∂t
∂ξ
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(3.5)

~ and is
where Â is the Roe-averaged inviscid flux Jacobian of the conserved variables Q
constant at the cell interfaces. As Â is solved for using the fluxes of the left- and rightrunning waves to the right and left of the interface, those must be solved for first using the
5th-order WENO scheme. This high-order solution is achieved by using a sum of three lowerorder reconstruction stencils, which have been weighted carefully to minimize oscillations,
which can plague higher-order solution techniques in regions of high gradients (e.g. shocks).
Using a notation where fj and fj+ 1 indicate the flux value in the current cell and interface
2

respectively, these three lower-order flux reconstructions for the left- and right-running waves
are given as [73]

1
7
11
L1
fˆj+
fj−2 − fj−1 + fj
1 =
2
3
6
6
−1
5
1
L2
fˆj+
fj−1 − fj + fj+1
1 =
2
6
6
3
1
5
1
L3
fˆj+
fj − fj+1 − fj+2
1 =
2
3
6
6

1
7
11
R1
fˆj+
fj+3 − fj+2 + fj+1
1 =
2
3
6
6
−1
5
1
R2
fˆj+
fj+2 − fj+1 + fj
1 =
2
6
6
3
1
5
1
R3
fˆj+
fj+1 − fj − fj−1
1 =
2
3
6
6

The reconstruction of the left- and right-running wave fluxes are then

L
fj+
1
2

=

3
X

Lk
ωk fˆj+
1,
2

R
fj+
1
2

k=1

=

3
X

Rk
ωk fˆj+
1

(3.6)

2

k=1

The ωk terms are normalized, modified weights which are given as
ω̃k
ωk = P3

i=1 ω̃i

(3.7)

and

γk
( + βk )2
3
3
γ2 = , γ3 =
5
10

ω̃k =
γ1 =

1
,
10
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(3.8)

The γk terms are the optimal weights for each stencil, and the βk terms are smoothness
indicators shown as

13
1
(fj−2 − 2fj−1 + fj )2 + (fj−2 − 4fj−1 + 3fj )2
12
4
13
1
β2L =
(fj−1 − 2fj + fj+1 )2 + (fj−1 − fj+1 )2
12
4
13
1
β3L =
(fj − 2fj+1 + fj+2 )2 + (3fj − 4fj+1 + fj+2 )2
12
4
13
1
β1R =
(fj+3 − 2fj+2 + fj+1 )2 + (fj+3 − 4fj+1 + 3fj+1 )2
12
4
13
1
β2R =
(fj+2 − 2fj+1 + fj )2 + (fj+2 − fj )2
12
4
1
13
β3R =
(fj+1 − 2fj + fj−1 )2 + (3fj+1 − 4fj + fj−1 )2
12
4
β1L =

The normalized, modified weights ωk from Eq. 3.7 are built such that stencils in smooth
regions will approach the optimal weights γk and those in regions of large variations are
minimized, and the summation of these weights always equals one. The  term in Eq. 3.8 is
taken as a small number to avoid dividing by zero.
Once these left- and right-running fluxes have been computed, the Roe-averaged inviscid
flux Jacobian Â may be constructed. This is accomplished first by taking a weighted average
of the conserved variables across the interface. In one-dimension these new states are

q̂1 = ρ̂ =

√

√
ρL ρR ,

q̂2 = û =

√
ρL uL + ρR uR
,
√
√
ρL + ρR

√
q̂3 = ê0 =

√
ρL e0L + ρR e0R
√
√
ρL + ρR

This weighted-averaged state q̂ is then used to construct a matrix T̂ , which is the eigenvectors
of

∂f
,
∂q

and Λ̂, which is the corresponding eigenvalues. Â is thus computed as

Â = T̂ Λ̂T̂ −1
where
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1


T̂ =  ũ − ã

h̃0 − ũã

1



1

ã
1 2
ũ
2



|ũ − ã|




Λ̂ = diag  |ũ| 


|ũ + ã|



ũ + ã  ,

h̃0 − ũã
q̂2
ũ =
q̂
s1
ã =

γ

P̃
q̂1

q̂22
P̃
)h̃0 = ẽ0 +
q̂1
q̂1
q̂3
ẽ0 =
q̂1

P̃ = (γ − 1)(q̂3 −

Finally the interface flux can be computed using a linear combination of the left- and rightrunning wave fluxes about the interface point j +

L
fj+
1 =
2

1
2

as

1
1
(fL + fR ) − |Â| (qR − qL )
2
2

(3.9)

for the left interface; the same is done for the right interface. Next, the difference in the final
interface fluxes from Eq. 3.9 can be used to update the conserved variables with

∆q =

R
L
fj+
1 − f
j+ 1
2

2

∆x

∆t

Time Discretization
Discretizing and obtain a time-accurate solution of Eq. 3.1 involves assuming a general
problem form of Ax = b and solving algebraically and implicitly.

The Navier-Stokes

equations in Eq. 3.1 can be written implicitly using approximate Jacobians [71, 75] as



∆t
∆t
I+
+
(1 + θ)∆τ
1+θ




∂A ∂B ∂C
+
+
∆q n+1,m+1 =
∂ξ
∂η
∂ζ



∆t
θ
n+1,m
n
n
n+1,m
− q
−q −
∆q +
RHS
(3.10)
1+θ
1+θ
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where ∆t is the chosen time-step, τ is a pseudo time-step which allows the local time-step
(∆τ ) to vary at any point in the domain, and θ is a variable that can take either a value
of 0 for first-order time marching or 1/2 for second-order time marching. The second term
in the brackets on the left-hand-side of Eq. 3.10 is an artificial time term added for dual
time stepping [76], and is dropped when performing Newton subiterations. The RHS term
is all of the flux terms of Eq. 3.1, or the right-hand-side of the Navier-Stokes equations. The
∆q n,m term is the change in the conserved variables, and is computed for each time-step n
and for a predetermined number of subiterations m. If dual time-stepping is used (∆τ 6= ∆t),
the artificial time term must converge at each physical time step to ensure time accuracy.
There are several options available for solving the left-hand side of Eq. 3.10 (represented
by the matrix A in the general form assumed) by approximately factoring it in space, as
direct inversion for large systems is computationally expensive and time consuming. The
error associated with this approximate factorization scales with the time-step cubed for threedimensional problems, and is thus generally ignored. The method used to accomplish the
factorization in this work was the diagonalized, diagonally dominant alternating direction
implicit (D3ADI) scheme [77]. The inviscid flux Jacobians seen in Eq. 3.10 can first be
decomposed into their eigenvalues and eigenvectors as

∂E
= XA ΛA XA−1
∂q
∂F
B=
= XB ΛB XB−1
∂q
∂G
C=
= XC ΛC XC−1
∂q
A=

The diagonal alternating direction implicit (DADI) scheme [78] then uses these to factor Eq.
3.10 as
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XA






∆t
∆t
∆t
−1
−1
δξ Λ A X A X B I +
δη ΛB XB XC I +
δζ ΛC XC−1 ∆q n+1,m+1 =
I+
1+θ
1+θ
1+θ



θ
∆t
n
n+1,m
n+1,m
n
(3.11)
∆q +
RHS
− q
−q −
1+θ
1+θ

Separating Eq.

3.11 into diagonal and off-diagonal terms, factoring the scheme, then

diagonalizing, the D3ADI scheme can be obtained and is given as




∆t u
−1
XA I +
δ ΛA + XA (Dη + Dζ ) XA XA−1 D−1
1+θ ξ


∆t u
−1
δ ΛB + XB (Dξ + Dζ ) XB XB−1 D−1
XB I +
1+θ η


∆t u
−1
δ ΛC + XC (Dξ + Dη ) XC XC−1 ∆q n+1,m+1 =
XC I +
1+θ ζ



∆t
θ
n
n+1,m
n+1,m
n
∆q +
RHS
− q
−q −
1+θ
1+θ
where D is a matrix containing all of the diagonal terms of Eq. 3.11 and δ u is a differencing
operator, which can be either forward or backward based on the sign of the eigenvalues Λ.
Turbulence Modeling
The Spalart- Allmaras (SA) model [79], specifically the SA-neg-noft2 variant [75, 80], was
used for turbulence modeling with delayed, detached eddy simulation (DDES) [81] and
rotation/curvature (RC) correction [82] enabled. The base Spalart-Allmaras eddy viscosity
model is a one-equation turbulence model which computes the transport of the working
variable ν̃. The Reynolds stresses are evaluated using the Boussinesq approximation of eddy
viscosity νt ,

νt = ν̃fv1 ,

fv1 =

χ3
,
χ3 + c3v1

χ≡

ν̃
ν

(3.12)

where ν is the kinematic viscosity and χ is a turbulent Reynolds number. The SA model
working variable obeys the transport equation
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1
Dν̃
=P −D+
∇ · ((ν + ν̃)∇ν̃) + cb2 (∇ν̃)2
Dt
σ

(3.13)

where

P = cb1 S̃ ν̃,

 2
ν̃
D = cw1 fw
d

(3.14)

are the production and wall destruction terms, respectively. S̃ is the modified vorticity given
as

S̃ = S +

ν̃

fv2 ,
κ2 d2

fv2 = 1 −

χ
1 + χfv1

Here S is the vorticity magnitude and d is the distance to the closest wall. The function fw
from Eq. 3.14 is defined as
1 + c6
fw = g 6 w3
g + c6w3


1/6
,

6



g = r + cw2 r − r ,


r = min

ν̃
, rlim
S̃κ2 d2



The remaining terms are carefully calibrated constants and are defined as

2
3

cb1 = 0.1355

σ=

cb2 = 0.622

κ = 0.41

cw1 =

cb1 1 + cb2
+
κ2
σ

rlim = 10

cw2 = 0.3

cw3 = 2

Note that κ is the Kármán constant here. To account for rotation and curvature effects,
which are particularly important for rotation-dominated flows such as rotor hub wakes, the
rotation/curvature correction developed by Shur et al. [82] was applied. This correction
modifies the SA-neg-noft2 model by multiplying the turbulence production term P of Eq.
3.14 by
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fr1 = (1 + cr1 )


2r∗ 
−1
1
−
c
tan
(c
r̃)
− cr1
r3
r2
1 + r∗

where

r∗ =
2ωik Sik
r̃ =
D4



S
ω

DSij
+ (imn Sjn + jmn Sin ) Ωm
Dt



Here the flow-field-related terms are given as



1 ∂ui ∂uj
+
Sij =
2 ∂xj
∂xi



1
∂uj
∂ui
ωij =
−
+ 2mji Ωm
2
∂xj
∂xi
r
1 2
D=
(S + ω 2 )
2

p
S = 2Sij Sij ,
ω=

p

2ωij ωij ,

where Sij are the components of the mean strain tensor, ωij are the components of the
vorticity tensor, jmn is the Levi-Civita tensor, Ωm are the components of the system
rotational rate vector, and the DSij /Dt is the substantial derivative of Sij . The calibrated
constants are

cr1 = 1.0,

cr2 = 12.0,

cr3 = 1.0

Delayed Detached Eddy Simulation
As turbulent rotor hub wakes are intrinsically dominated by relatively small length scales,
the use of turbulent models such as the SA-neg-noft2 model in the far wake tends to become
ineffective due to its reliance on the length scale d. Thus it lends itself to use a hybrid system
of RANS within the attached boundary layer and Large Eddy Simulation (LES) in regions of
separation and areas away from the wall. LES is a filtered direct numerical solution (DNS)
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of the Navier-Stokes equations, where the smallest turbulence scales are filtered using a lowpass filter to reduce computational expense. To accomplish this, DDES [81] incorporates a
modified length scale d˜ which explicitly replaces the length scale d in the Spalart-Allmaras
model:
d˜ = d − fd max(0, d − CDES ∆)
where

fd = 1 − tanh [8rd ]3 ,

νt + ν
rd = p
Ui,j Ui,j κ2 d2

Here Ui,j are the velocity gradients, CDES = 0.65, and ∆ is the magnitude of the longest
dimension of the current grid cell. The function fd acts as a “shielding” function and
is designed to equal 1 in LES regions of the flow, and rd is the ratio of a characteristic
turbulence model length scale to wall-distance length scale.

3.2.2

Grid Generation and Connectivity

The computational grids used in this study were structured, overset grids developed and
provided by Penn State University Applied Research Laboratory (PSU-ARL), which were
modified as described in Wall [11] using the Chimera Grid Tools software [83]. Overset
grids consist of two groups of volume grids: near-body grids and off-body grids. Near-body
grids are grids which are attached to the geometry of interest, and are extrusions of the
surface grids. These grids can be developed in Chimera grid tools or in other software
such as Pointwise. Off-body grids are Cartesian, layered grids which are steadily reduced
in resolution as they grow further out into the far-field of the domain. In the case of
OVERFLOW, these off-body grids are automatically built before the simulation is started,
based on inputs describing the off-body grid closest to the geometry or area of interest. As
OVERFLOW is a finite-difference solver [71], structured grids were required.
Surface grids as well as cross-sections of the near-body grids of the blade stubs and the
off-body grids are shown in Figs. 24-27. As mentioned, the surface and near-body grids
for the Baseline, Defeatured, and Low Drag hubs were provided by PSU-ARL. To develop
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the free-air Phase III hub grid, structured surface grids of the circular indent feature were
first created in Pointwise v18.3R2 then incorporated into a new copy of the Baseline hub
grid using the Chimera Grid Tools software. Off-body Cartesian grids were generated using
the OVERFLOW 2.2n solver [71], and for all geometries the nearest off-body grid had a
constant spacing of 0.25 inches (approximately 0.01Dhub ) and extended approximately 4
hub diameters downstream. The off-body grid built around the Baseline hub is shown in
Fig. 24c with measurements added for context; the other hubs’ off-body grids had the
same measurements. The nearest off-body refinement region is vertically centered 5 inches
(approximately 0.21Dhub ) above every hub except the Low Drag hub, to ensure the entire
wake content is captured. The far-field extends 1000 inches (approximately 41.65Dhub ) in
every direction. The total grid points for each hub geometry are summarized in Table 1.
Predefined cutters [84] and the XRAYS routine built into Chimera Grid Tools were used
to facilitate overset domain connectivity. In order to facilitate the use of the higher-order
WENO stencil and attain proper flux reconstruction, three fringe (overlap) layers were used.
The Baseline, Defeatured, and Phase III hubs were positioned at y = −5 inches with respect
to the off-body grids to ensure that the hub wake was captured adequately (Figs. 24, 25, &
27).

3.2.3

Simulation Inputs and Boundary Conditions

The simulations of the four hubs were conducted with the hub at a rotor shaft angle of 5
degrees into the flow and a Reynolds number of 4.6 × 106 using the hub diameter Dhub of 24
inches as the characteristic length. A free stream Mach number of 0.1 was used, and the hubs
were rotated at 800 rpm based on a full rotor advance ratio µ of 0.2. The hubs were assumed
to make up 15% of the full-rotor diameter, therefore the hubs’ advance ratio was µhub ≈ 1.33.
Sea-level conditions were applied for air properties. Solutions were run in three stages. First,
dual-time stepping with pseudo time-steps was used for the first 4 revolutions, to setup the
flow field and advect startup transients. Then, the simulations were switched to a global
time stepping method with 30 Newton-type sub-iterations. All simulations were run for at
least 20 rotor hub revolutions before data sampling began. For the Baseline, Defeatured,
and Low Drag hubs, simulations were started from restarts provided by Tristan Wall from
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previous work documented in Wall and Coder [67] and Wall [11]. The physical time step
used corresponded to 0.25 degrees of hub rotation in the azimuthal plane. The free-stream
Spalart-Allmaras variable ν̃ was set to 0.1. This value is lower than the “standard” value
of 3 for fully turbulent flows [85], but has been found to be well-suited from previous work
with these rotor hubs [11].
The rotor hubs’ surface boundary conditions were set to a viscous, adiabatic noslip condition, and the far-field boundary conditions were set to the default Riemann
characteristic inflow/outflow [71].

Force and moment calculations were handled using

USURP [86], which is an algorithm capable of computing accurate force and moments from
cell-centered, overset grid simulations.

3.3

Post-processing Background and Methods

Data of residual and force time histories were exported from the simulation output files
using Chimera Grid Tools [83], and plots of these histories were made using MATLAB [87].
Data manipulation, processing, and field visualization were handled with a combination of
MATLAB and FieldView 21 [88].

3.3.1

Turbulent Kinetic Energy and Reynolds Stresses

An analysis of the turbulent kinetic energy (TKE) and associated Reynolds stress terms
was used in this work to gain a better understanding of the turbulent behavior of the rotor
hub wakes. A derivation of the Reynolds averaged Navier-Stokes equations is helpful for
understanding these quantities and is provided here. Another way to write the incompressible
Navier-Stokes equations shown in Eq. 3.1 is
∂ui
∂ui
1 ∂p
∂ui
+ uj
=−
+ν
∂t
∂xj
ρ ∂xi
∂xj ∂xj

(3.15)

The continuity equation is similarly
∂uj
=0
∂xj
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(3.16)

The Reynolds decomposition [89] represents the velocity vector component ui (xi , t) as a sum
of the mean of the velocity component and a perturbation of that velocity component about
the mean:

ui (xi , t) = ui (xi ) + u0i (xi , t)
Note that the mean of the velocity is the time-averaged velocity component which is written
as
1
ui (xi ) = lim
T →∞ T

Z

T

ui (xi , t)dt

(3.17)

0

where T is the time interval over which the velocity is averaged, and must be much greater
than the typical time scale of the perturbation term. It then follows that by averaging the
velocity, the perturbation term goes to 0. Applying this Reynolds averaging to the continuity
equation (Eq. 3.16) gives [90, 91]
∂uj
∂xj
Taking the Reynolds average of the momentum equations and applying some simplifications using decomposition [91] yields the Reynolds averaged Navier-Stokes equations,
∂u0i u0j
∂ui
∂ui
1 ∂p
∂ui
+ uj
=−
+ν
−
∂t
∂xj
ρ ∂xi
∂xj ∂xj
∂xj

(3.18)

Note the additional term which has appeared on the right hand side. Equation 3.18 can be
rewritten as

ρ

∂ui
∂ui
+ uj
∂t
∂xj







∂
∂ui ∂uj
0 0
=
−pδij + µ
+
− ρui uj
∂xj
∂xj
∂xi

where δij is the Kronecker delta, and the terms in the square brackets are the stresses
from pressure, viscosity, and the velocity perturbations. The −ρu0i u0j term is known as the
Reynolds stresses (for this work, this term will be simplified to u0i u0j ). The Reynolds stress
term is a symmetric second-order tensor with normal stresses occupying the diagonal and
shear stresses occupying the off-diagonal components. Turbulent kinetic energy k is half of
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the trace of the Reynolds stress tensor (taking into account the simplification to the Reynolds
stresses mentioned),
1
k = u0i u0i
2

(3.19)

An equation describing the evolution of k can be derived [91] by first multiplying Eq.
3.15 by ui and taking the average of the resulting equation,
∂ui
∂ui
1 ∂p
ui + uj
ui = −
ui + νui ∇2 ui
∂t
∂xj
ρ ∂xi

(3.20)

Subsequently multiplying Eq. 3.18 by ui provides
∂u0i u0j
∂ui
1 ∂p
∂ui
ui + uj
ui = −
ui −
ui + νui ∇2 ui
∂t
∂xj
∂xj
ρ ∂xi

(3.21)

Subtracting Eq. 3.21 from Eq. 3.20 gives


∂u0i u0j
∂ui
∂ui
∂u0i 0
∂p0 0
ui + ρ uj
− uj
ui = −
ui + νu0i ∇2 u0i + ρ
ui
ρ
∂t
∂xj
∂xj
∂xi
∂xj

(3.22)

Through averaging rules, simplifications, and substituting the definition of k in Eq. 3.19,
the equation for TKE in an incompressible flow can be shown to be [91],

∂
∂k
∂k
+ uj
=−
∂t
∂xj
∂xj



1 0 0 0 1 0 0
∂k
ui ui uj + uj p − ν
2
ρ
∂xj



− u0j u0i

∂uj
∂u0 ∂u0
−ν i i
∂xi
∂xj ∂xj

(3.23)

where the left hand side of the equation is the material derivative of k. The first term on
the right hand side is the total transport of TKE, and consists of three parts. The first
term in the transport term is the turbulent transport, signifying the transport of TKE via
velocity fluctuations. The second and third terms are the pressure diffusion and viscous
diffusion terms, respectively. The second term on the right hand side is the production term,
signifying the transfer of energy from the mean flow into the turbulent flow. The last term
on the right hand side is the dissipation rate of TKE, and is generally denoted as . For this
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work, a focus was put on the turbulent transport and production terms on the right hand
side.

3.3.2

Proper Orthogonal Decomposition

Proper orthogonal decomposition (POD) was also used to analyze the modal behavior of
the instantaneous Reynolds stresses in the rotor hub wake. POD is a method which seeks
to optimize the mean square of the flow-field variable it is being applied to and find the
optimal basis, and represents that variable as a set of orthogonal modes. These modes can
then be examined individually or combined with the mean of the data set to perform a
flow-field reconstruction. POD and other decomposition methods have been applied to rotor
hub wake flows in the past [11] to reveal coherent structures in the wake. The modern POD
process is summarized here, and this discussion is based on the work in Taira et al. [92].
Starting with a given set of snapshots (time steps) of a vector field q(ξ, t), where ξ represents
a generic spatial coordinate system, the time-averaged mean q(ξ) is first subtracted. The
perturbation component is then assumed to be decomposable as,

q(ξ, t) − q(ξ) =

X

aj (t)φj (ξ)

j

where aj (t) and φj (ξ) are the expansion coefficients and the orthogonal modes, respectively.
To solve this problem, the left hand side of this equation is first represented as,

x(ti ) = q(ξ, t) − q(ξ) ∈ Rn ,

i = 1, 2, 3, . . . , m

where x(ti ) represents the entire spatial domain of a single time step ti . An eigenvalue
problem can then be constructed using the covariance matrix R of x(ti ):

Rφj = λj φj
R=

m
X

x(ti )xT (ti ) = XX T ∈ Rn×n

i=1
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Here λj and φj are the eigenvalues and eigenvectors, respectively. The matrix X is the
set of m snapshots combined into a matrix, and each of these time steps has n spatial
degrees of freedom. The eigenvectors φj solved in this problem are the POD modes, and
the eigenvalues represent how well each eigenvector captures the original data set. Larger
eigenvalues correspond to the eigenvector or mode capturing a greater portion of the data
set’s behavior.
With large fluid simulations, the spatial degrees of freedom n can become prohibitively
large, making the covariance matrix and subsequent eigenvalue problem computationally
expensive or not feasible. Fortunately, a method of avoiding this cost exists in the use of
the temporal correlation matrix defined as X T X ∈ Rm×m , and the eigenvalue problem can
be rewritten as

X T Xψj = λψj ,

ψj ∈ Rm ,

mn

and the original POD modes can be recovered through
1
φj = Xψj p ,
λj

j = 1, 2, . . . , m

To solve this eigenvalue problem, it is convenient to employ the singular value decomposition
(SVD). The data matrix X can be decomposed using SVD into the left and right singular
matrices:

X = ΦΣΨT
where Φ ∈ Rn×n , Σ ∈ Rn×m , and Ψ ∈ Rm×m . The Φ and Ψ matrices contain the eigenvectors
of XX T and X T X, respectively, and the singular values σj contained in the diagonal of Σ
are related to the eigenvalues λj by σj2 = λj . Conveniently, the modes are automatically
ordered by their corresponding eigenvalues, with the largest eigenvalue occupying the first
index of Σ.
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Chapter 4: Results
As noted previously, all of the rotor hubs were run for at least 20 revolutions before
flow-field data was recorded. Surface forces were recorded throughout the simulations. To
reduce the computational cost of post-processing, planes of data in the wake with normals
oriented parallel to the free stream were exported instead of the entire wake. These planes
were positioned at x = Dhub , x = 1.5Dhub , . . . , x = 3.5Dhub . These results have been
extended from results previously published in Mobley et al. [93] or from those which have
been accepted for publication in the Journal of the American Helicopter Society [94].

4.1

Instantaneous Wake Capture and Surface Forces

Examples of the instantaneous wake captured by the nearest off-body grid are shown in
Fig. 28, with flow going from left to right. Vertical lines have been added to the figures to
indicate the near (x = Dhub ) and far (x = 3.5Dhub ) wake coordinates. Throughout the wake
eddies of various sizes can be seen, indicating that turbulent structures have been captured
throughout the wake. When comparing these against those in Potsdam and Cross [62], it
is apparent that the vertical extent of the wakes is different. This is due to the presence of
the water tunnel pylon, which was included to coincide with the experimental portion of the
ongoing work mentioned previously [68–70].
Time-averaged surface forces of all of the simulated hubs in the form of effective flat plate
areas D/q and L/q are summarized in Table 2, with the reference area Aref = 1in2 . The
data for the simulated hubs were recorded at every 2.5 degrees of rotor hub rotation and
averaged over 16 rotor hub revolutions. The D/q for the experimental tests that the Phase
III hub was based on is also reported for comparison and is from Wall [11]. The Baseline and
Phase III hubs have the highest D/q values, which is expected considering their increased
projected frontal area compared to the other hubs. The Defeatured and Low Drag hubs have
lower D/q values, and interestingly the Low Drag hub has a much lower D/q value despite
having the same projected frontal area as the Defeatured hub [11]. The hubs also produce
a download as seen in the L/q values, with the Low Drag hub having the most substantial
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effect. The increase in magnitude for the Low Drag hub is due to the more aerodynamic
geometry, particularly when comparing the hubs’ blade stubs. There is a discrepancy in
the L/q values between the Baseline and Phase III hubs, and the reason for these is not
apparent from the data. However, due to the relatively low values of L/q compared to the
D/q values for these hubs, the discrepancy is most likely statistically insignificant. Phaseaveraged effective flat plate areas are shown in Fig. 29, and correspond to similar figures
shown in Wall [11]. The phase-averaged D/q values shown in Fig. 29a show a clear 4/rev
frequency, corresponding to the overall symmetry of the hubs, with peaks occurring at the
positions of greatest projected frontal area (Ψ = 90°, Ψ = 180°, and Ψ = 270°). Of note
are the results for the Low Drag hub, whose peaks seem to occur slightly after these points
of greatest frontal area. The phase-averaged L/q behavior illustrated in Fig. 29b is more
complex, particularly for the Baseline and Phase III hubs which do not show a clear 4/rev
frequency. The Defeatured and Low Drag hubs do show an apparent 4/rev frequency, with
peaks lagging the Ψ = 90°, Ψ = 180°, and Ψ = 270° azimuthal positions.
A spectral analysis of the effective flat plate areas of the four hubs was performed, and
results are shown in Fig. 30. The FFT was performed using 16 revolutions of data, starting
from the beginning of revolution 9. Starting with the drag results plotted in Fig. 30a,
the most dominant frequency is the 4/rev, due to the symmetry of the blade stubs on the
rotor hubs. The 2/rev frequency also has a strong presence in the case of the Baseline
hub and Phase III hub, and this is from the additional 2/rev symmetry of the scissor arms
shown in Fig. 22. For these two cases, there is an unexpectedly large difference between
the magnitudes of the 2/rev frequency content. Unsurprisingly, beyond the 4/rev frequency,
frequency content is diminished for all of the rotor hubs. For the lifting forces depicted in
Fig. 30b, the 4/rev frequency again dominates. However, the Low Drag hub case shows
increased frequency content for this frequency as well as for 8/rev and 12/rev. The increased
content in the higher frequencies is most likely a result of the Low Drag hub’s blade stubs,
which had a greater effect on the rotor hub’s lift due to their shape. The magnitudes shown
for the 4/rev frequency are shown in Table 2 and match well with the lift trends shown in
the time-averaged flat plate areas. A similar analysis is included in Wall [11]. The significant
differences in magnitudes between the Baseline and Phase III hubs in the 2/rev frequency
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in both the D/q and L/q could be an indication that these data are not yet converged (as
these hubs are nearly identical geometrically), however this could also be an indication of
noise present in the data.

4.2

Time-Averaged Velocity Profiles

Six constant-x planes of the domain, positioned at x = Dhub , 1.5Dhub , . . . , 3.5Dhub , were
exported at every time-step for 5 revolutions of rotor hub rotation, starting from revolution
20.

Time-averaged velocity components were computed using the Phase III hub for

comparison against experimental results at the x = Dhub coordinate, and are shown in Fig.
31. Experimental results were provided by PSU-ARL using the Phase III hub geometry based
on the hub shown in Fig. 22. All plots are shown with the hub upstream, advancing side on
the right, and free-stream flow coming out of the page. Stream-wise (u) velocity contours
show a bias towards the advancing side, for both experimental and CFD cases. This was
also observed in Reich et al. [61], which performed similar experiments at Rehub = 1.8 × 106 ,
where the lateral bias in the wake was explained to be due to the Magnus effect. In the CFD
results, a loose association between the stream-wise velocity deficit and the geometry can be
seen, with the strongest areas being concentrated near the upper and lower spiders and the
scissor arms. A similar deficit can be seen in the experimental results, however it is more
concentrated in one area and is positioned lower towards the scissor arms and swash plate.
A comparable result was noted in Reich et al. [61], and the overall discrepancy between
the CFD and experimental results is most likely due to the simulated rotor hubs being in
free air rather than installed in a tunnel with a mounting pylon. The vertical (w) velocity
contours show some differences as well, with the experimental results displaying a moderate
downwash above the hub and an upwash on the retreating side near the top spider. The
CFD results plotted in Fig. 31d show a strong upwash nearly centered with the hub. The
strong upwash in the CFD results is again most likely due to the lack of the pylon holding
the hub in place, as well as the -5◦ angle of attack of the hub.
The mean velocity profiles in each constant-x plane at the y = 0 coordinate for each
rotor hub simulated in this study are shown in Figs. 32-34. Horizontal dashed lines are also
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included to indicate the vertical limits of the tip path plane of the blade arms. A portion of
the Baseline hub’s mean velocity profile data was used and presented in Schmitz et al. [70]
for comparison against experimental results. The stream-wise velocity profiles are shown in
Fig. 32, and every case shows an upward movement of the wake centerline. For the Baseline
hub and Phase III hub, this correlates with the vertical velocity contours shown in Fig. 31d.
This trend is consistent with the vertical velocity profiles shown in Fig. 34, which show
a positive vertical velocity for every hub. Experimental stream-wise velocity results from
Schmitz et al. [68] are shown in Fig. 32d, which show a large deficit positioned below the
projected tip path plane. By isolating the rotor hub from the water tunnel and pylon, the
velocity deficit has been significantly reduced, as well as shifted up vertically. This holds true
up to the far wake (x = 3.5Dhub ) coordinate. The Low Drag hub velocity profiles plotted in
Fig. 32c show a substantially smaller stream-wise velocity deficit, which is an indication of
the improved aerodynamic design compared to the other hubs.
The mean span-wise velocity profiles are shown in Fig. 33. Due to the dominant streamwise component of the free-stream velocity, variations in the mean span-wise velocity are
much smaller, and each case reaches a steady state within the profiles by the x = 2Dhub or
x = 2.5Dhub coordinate. All of the profiles show a varying degree of skew symmetry with
the coordinate closest to the hub showing the most prominent. This is an expected behavior
given the -5◦ angle of attack.
The mean vertical velocity profiles for the hubs are shown in Fig. 34, which all have the
upwash seen in the corresponding contours for the Baseline hub shown in Fig. 31d. The
Baseline and Phase III hubs have the strongest upwash, and overall their profiles appear
nearly equivalent. Surprisingly, the Defeatured and Low Drag hub profiles are similar in
shape and magnitude, as opposed to the frequency content of these hubs plotted in Figs.
29-30. The Defeatured hub’s weaker profiles indicate the effect that the swashplate and the
scissor arms have on the vertical velocity, which are only present in the Baseline and Phase
III hubs’ geometries.
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4.3

Frequency Content of Velocity Profiles

Frequency content of the velocity field was also computed using discrete Fourier transforms
(DFT). Data was collected at several points in the x = Dhub and x = 3.5Dhub planes at y = 0
(Fig. 35) for comparison against particle image velocimetry (PIV) results as documented
in Reich et al. [60]. In the near wake (x = Dhub ), the CFD results show significantly
greater 2/rev content than the experimental results, and this is also the case for the far
wake (x = 3.5Dhub ). The 4/rev content in general seems to be better predicted, and in some
points matches closely to the experimental results. The overall frequency profiles show the
same trends in the near wake, however the far wake results in general are stronger.
Amplitude contours for all rotor hub geometries at x = Dhub for the u- and w-velocity
components are shown in Figs. 36-37. Outlines of the rotor hubs are overlaid to show the
positions of particular features in relation to the hubs’ geometric features. All figures are
shown with the hub upstream, with flow coming out of the page, and the advancing side on
the right. Shown in Fig. 36, 2/rev fluctuations are present in the Baseline hub (Fig. 36a)
and the Phase III hub (Fig. 36d) results. These fluctuations are near the spiders on the
retreating side and near the swashplate on the advancing side. These same fluctuations are
noticeably damped from the Defeatured hub (Fig. 36b) and the Low Drag hub (Fig. 36c).
Fluctuations of the same frequency in the w-velocity, depicted in Fig. 37, are relatively low
in amplitude for all rotor hub geometries. These results match well with results found in
Wall and Coder [67], which found higher 2/rev content in the frequency content of the rotor
hub drag results for the Baseline hub than for the Defeatured and Low Drag hubs. Similar
trends in the stream-wise velocity fluctuations were also detailed in Reich et al. [61]. Since
the scissors are the only geometric feature on the hubs that have a 2/rev symmetry, it is
logical to conclude that this feature is the source of this frequency content. This was also
found in Wall and Coder [67], and higher amplitudes of content at this frequency were found
to be attributed to the scissor arms and swashplate in Potsdam and Cross [62] and Potsdam
and Sitaraman [64].
Strong 4/rev fluctuations can be seen for both velocity components in every hubs’ results,
as expected with the 4/rev symmetry inherent in the geometries. A general bias towards the
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retreating side can be seen in most results, with the exception of the w-velocity fluctuations
of the Low Drag hub (Fig. 37c). For the Baseline and Phase III hubs, distinct areas of
large u-velocity fluctuations can be seen near the scissor arms and swashplate, and similar
regions are apparent near the spiders and blades for all hub geometries. Higher frequency
content overall is lacking, with no distinct patterns or large amplitude areas. The only
noticeable exception to this is the 8/rev fluctuations of the w-velocity component for the
Low Drag Hub (Fig. 37c). This is also consistent with the results reported in Wall and
Coder [67]. The 6/rev fluctuations present in rotor hub wake flow have been hypothesized
to be a consequence of either Strouhal shedding from the junction between the spiders and
blade stubs, or from a non-linear interaction between 2/rev and 4/rev fluctuations [61].
The increased 6/rev content in the Baseline and Phase III hubs’ results is an indication
that the latter hypothesis is correct, due to the lack of scissor arms seeming to lead to
reduced 6/rev fluctuations. The CFD results in general seem to have under-predicted higher
frequency harmonic content than that reported in experimental work, such as in Berry [52]
and Reich et al. [61]. Similar under-predictions were found in Potsdam and Cross [62], and
were attributed to the seemingly excessive diffusivity of the off-body grid and/or the solver
settings used to capture wake behavior between the near (x = Dhub ) and far (x = 3.5Dhub )
coordinates.
Another noteworthy aspect of these results is the general bias of larger magnitude
harmonics previously mentioned, with areas of high magnitudes being concentrated on the
retreating side of the rotor hubs. This feature in the data, as discussed in Reich et al. [61],
seems to be associated with the higher apparent velocity on the advancing side of the hub.
Although this bias is apparent in the frequency analysis results for most of the hubs, the
Low Drag hub results show a bias slightly less overwhelming in the u-velocity harmonics and
much less apparent in the w-velocity harmonics. This suggests that this bias is affected by
geometry as well. Due to the aerodynamic geometry of the blade arms of the Low Drag hub,
the lifting forces produced by the hub (Table 2) likely had a greater effect on the w-velocity
in the flow field. This hypothesis is also supported by the results in Wall and Coder [67],
which showed higher lift fluctuation amplitude content from the Low Drag hub in the 4/rev
and 8/rev harmonics than those of the Baseline and Defeatured hubs.
46

4.4
4.4.1

Turbulent Kinetic Energy
Reynolds Stresses

Due to the low Mach number of the simulations, near-incompressibility was assumed and
density variations were ignored in the Reynolds stress and TKE budget terms. Reynolds
stresses were computed by first building ui uj then subtracting the quantity ui uj , using
data recorded at every time-step for rotor hub revolutions. To confirm that the turbulence
model used and the off-body grid resolution were adequate to resolve the Reynolds stresses,
the power spectral density (PSD) of the stream-wise momentum was estimated using a fast
Fourier transform (FFT) algorithm. This was estimated at a point on the advancing side
within the tip path plane of the rotor hub, at the x = Dhub , x = 2Dhub , and x = 3Dhub
coordinates in the Baseline hub wake, using data recorded at every time step for 5 rotor
revolutions. The PSD for this data is plotted in Fig. 38, and a line with a slope of f −5/3
is provided as a reference. At every coordinate where it was calculated, the estimated PSD
shows an energy cascade with the appropriate slope before the higher frequencies are damped
out. As the other rotor hubs were simulated using the same turbulence modeling and offbody grids, the same behavior can be expected to be present in the other rotor hub wakes.
Peaks at the expected frequencies such as 2/rev and 4/rev are not clearly distinguishable in
this data, which is most likely an indication of noise in the data.
Reynolds stress components were also computed using several different bins of data of
the Baseline hub. These bins corresponded to 1, 2, 3, 4, and 5 revolutions worth of data,
and were used to check for convergence (these are referred to as bins 1, 2, 3, 4, and 5,
respectively). Vertical profiles of two Reynold stress components located at y = 0 and
x = Dhub are shown in Fig. 39. The normal component u0 u0 , shown in Fig. 39a, shows very
little variation between the profiles overall. Unsurprisingly, the largest variations between
the profiles for this component occur within the projected confines of the tip path plane,
as shown by the black dotted lines. The profiles created using bins 4 and 5 are difficult to
distinguish, indicating that very little is changing between the profiles with this amount of
data. The shear component u0 v 0 , shown in Fig. 39b, shows similar amounts of variation
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between the profiles as the normal component. The variations also extend outside of the
projected confines of the tip path plane. Overall, general trends within the data can be seen
and are mostly consistent.
Contours of the Reynolds stresses u0 u0 , v 0 v 0 , and w0 w0 at the x = Dhub are shown in
Figs. 40-42, and are normalized with respect to the free-stream velocity. Vertical profiles at
several y/Dhub values situated behind the advancing side are also included for comparison.
The u0 u0 component of the Reynolds stress tensor, shown in Fig. 40, shows the production
of TKE due to the gradient of the mean velocity u in the stream-wise direction. For the
Baseline and Phase III hubs, there is a strong resemblance between the TKE production
contours and the mean stream-wise velocity contours shown in Fig. 31b. This resemblance
is logical because the gradient of the mean velocity, and in this case the momentum deficit,
is the driving force of this component of the tensor. Thus, there are high concentrations
near the scissor arms and swashplate, as well as the top spider. There is a noticeable bias
in this data as well towards the advancing side, directly matching with the mean streamwise velocity contours. A vertical profile of the magnitude of the Reynolds stress directly
behind the advancing blade stub may be compared with similar profiles of Reynolds stresses
in the wakes of bluff bodies such as circular or square cylinders. Khalighi et al. [95] and
Narasimhamurthy and Andersson [96] performed experimental and numerical analyses of the
wakes of simple bluff bodies, and local maxima were found at the extremities of the bluff
bodies’ geometries corresponding to the shear layers found at those locations, with a local
minimum in between which creates two peaks. A similar pattern can be seen in the vertical
profiles at y/Dhub = 0.125 and y/Dhub = 0.25 for the Baseline and Phase III hubs. As the
y/Dhub coordinate is moved outward, the profiles only have a single peak value, with the
outermost profile being significantly diminished. The Defeatured and Low Drag hubs have
comparatively smaller profiles in this case, which is an indication of the effect the scissor
arms and swashplate have on turbulent flow in the wake. For the Defeatured hub, the
greatest concentration of u0 u0 is positioned just below the bottom spider on the retreating
side, and a bias towards the advancing side is still visible. In the Low Drag hub results,
lower concentrations are shown scattered throughout, being positioned mostly within the
vicinity of the lower spider. Notably, the advancing-side bias is not obvious in the Low Drag
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hub’s results. The vertical profiles of the Defeatured and Low Drag hubs have maximum
values notably shifted above or below the center of the tip path plane and the Low Drag
hub profiles are smaller than those of the Baseline and Defeatured hubs.
The v 0 v 0 component of the Reynolds stresses is shown in Fig. 41. These results take
on a similar form to that of the u0 u0 results, but are noticeably weaker in intensity. This is
likely due to the expected smaller gradients in the mean span-wise velocity. The Baseline
and Phase III hubs again have the largest profiles in the wake, but the fluctuations are more
evenly distributed around the approximate center of the hubs. Large concentrations near the
scissor arms and swashplate are much less apparent than in the u0 u0 results. However, the
distinct difference between the Baseline / Phase III hub cases and the Defeatured hub case
seems to be an indication that the scissor arms and swashplate still significantly contribute
to this portion of the Reynolds stress tensor. The Low Drag hub case shows very low levels
of v 0 v 0 , with small concentrations nears the lower spider on the advancing side and near the
blade root on the retreating side. Unlike the vertical profiles of the stream-wise component,
the profiles of this component are more clearly centered on the tip path plane. The Baseline
and Phase III hub profiles have a greater vertical span than those of the Defeatured and Low
Drag hubs, due to the increased projected frontal area.
The w0 w0 component of the Reynolds stresses is shown in Fig. 42, and the concentrations
also take comparable forms to that of the u0 u0 Reynolds stresses. The contours of the
Baseline and Phase III hubs are similar to the mean stream-wise velocity contours for the
corresponding hubs in Fig. 31b. This is most likely due to the dominant nature of the
stream-wise component of the mean velocity in these cases. The Low Drag hub again has
the lowest levels, with a small concentration positioned just above the center of the rotor
hub. The vertical profiles for this Reynolds stress component are again mostly centered on
the tip path plane, however the vertical locations of the maximums for the Low Drag hub’s
profiles tend to vary significantly.
The u0 v 0 shear Reynolds stress term reflects the turbulent shear along a plane in constant
z, and is associated with the TKE production in the wake due to the stream-wise velocity
gradient in the span-wise direction. Physically, this shear term is important due to the
span-wise velocity induced by the spinning rotor hub and the natural coupling from the
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stream-wise velocity. The contours of this stress terms are shown in Fig. 43, and in this
data there is a skew symmetry seen in every hub case. With the Baseline and Phase III
hubs, the stresses alternate several times across the span; this is also seen to a lesser extent
with the Defeatured and Low Drag hubs. There is a general tendency of the stresses to
be negative on the advancing side and positive on the retreating side, and this is driven
by the geometry and coordinate system of the data. The Baseline and Phase III hubs also
have an additional skew symmetry near the scissor arms and swashplate, which is resultant
from the mean u-velocity contours found in Fig. 31b. A very similar skew symmetry has
been found in past work studying the wakes behind various bluff bodies such as in Wang
and Tan [97], Singha and Balachandar [98], and Rinoshika and Omori [99]. The pattern in
this component of the Reynolds stresses, particularly seen in the Baseline and Phase III hub
results, is associated with vortex shedding off of a circular cylinder. As the pattern is roughly
centered on the rotor hubs, this is most likely due to the presence of the drive shaft and
the swashplate. Interestingly, this Reynolds stress component does not seem to be strongly
affected by the rotation of the hub and the Magnus effect. The Defeatured and Low Drag
hub contours less-distinct patterns but are still roughly centered on the hubs. The vertical
profiles reflect the skew symmetry by changing between positive and negative profiles as the
coordinate is moved across the advancing side.
The u0 w0 component of the Reynolds stress tensor, which is associated with the TKE
production in the wake due to the stream-wise velocity gradient in the vertical direction, is
shown in Fig. 44. This shear term is of interest due to the effect the rotor hubs have on
the vertical velocity. This is particularly true for the Low Drag Hub, which produced the
greatest average vertical force (Table 2). In every case, a horizontal symmetry can be seen
spanning the rotor hubs. This line of symmetry is closely aligned with the rotor plane of
the hubs, with predominantly negative values in the upper half of the space and positive
values in the bottom half. These values seem to be in opposition to the general trend of the
vertical gradient of the stream-wise velocity, which have positive values in the upper half of
the plane and negative values in the lower half, due to the momentum deficit of the hubs.
Strong positive concentrations can still be seen in the Baseline and Phase III hub cases near
the scissor arms. The vertical profiles for the Baseline, Defeatured, and Phase IIII hubs
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show the expected skew symmetry (cf. Narasimhamurthy and Andersson [96]). The vertical
profiles of the Low Drag hub do exhibit this skew symmetry but to a lesser degree, with
greater concentrations positioned towards the lower side of the hub. The y/Dhub = 0.25
profile shows this most clearly, with maximum being approximately twice in magnitude as
the minimum. Similar features were found in Reynolds shear stress component profiles shown
in Tulapurkara et al. [100], where this shift was found to be due to a combination of effects
from the stream-wise pressure gradient and streamline curvature. For the Low Drag hub,
evidence of these effects can be seen in its increased lift shown in Table 2.

4.4.2

Third-Order Moments

Third-order moments of velocity fluctuations in the wake, associated with the transport of
TKE through turbulent fluctuations, were computed using 5 rotor revolutions of data and
are shown in Figs. 45-50. These values were normalized with respect to the free-stream
Mach number as well. In the wake of the rotor hubs, the components of transport of TKE
due to pressure-velocity fluctuations and molecular viscosity are expected to be negligible,
leaving the transport due to turbulent fluctuations to be the primary component of the total
TKE transport. The third-order moment of the stream-wise velocity fluctuations both at
x = Dhub and the full wake profile spanning x = Dhub to x = 3.5Dhub is shown in Figs. 45-46.
For the Baseline and Phase III hubs’ results (Figs. 45a & 45d), large negative portions of the
wake cross-section at x = Dhub are concentrated around the swashplate, scissor arms, and
above the main body of the hubs. Positive values show a bias towards the advancing side,
similar to what was seen in the Reynolds stresses shown in Figs. 40-42. The Defeatured and
Low Drag hubs show predominantly negative values throughout the wake cross-section.
Transport of TKE due to these velocity fluctuations is better understood by observing
how these values change through the wake through stream-wise gradients, as these are what
govern the transport of TKE according to the TKE budget in Eq. 3.23. A negative
stream-wise gradient in the stream-wise third-order moment terms indicates transport of
TKE downstream. This is illustrated in Fig. 46. Throughout the wake in each case, a
general trend towards an equilibrium can be seen as the wake convects downstream. For
large concentrations of negative values, such as the areas circled in red, positive gradients
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in the stream-wise direction are clear from one coordinate to the next. In the cases of the
Baseline hub and by extension the Phase III hub, negative gradients can be seen such as in
the areas circled in green. Similar gradients can be seen in the Defeatured and Low Drag hub
cases, however the gradients are predominantly positive. Likewise, comparable positive and
negative gradient trends are seen in the contours of u0 v 0 v 0 , shown in Figs. 47-48, with smaller
magnitudes, similar to what is seen in the v 0 v 0 results in Fig. 41. The third-order moment
u0 w0 w0 is shown in Figs. 49-50, and a horizontal symmetry can be seen resembling that of
the u0 w0 component of the Reynolds stress tensor shown in Fig. 44. Positive and negative
gradients can be seen in every rotor hub case, and in every case the negative gradients are
concentrated near the rotor plane and are biased towards the advancing side. Also of note is
the negatively-valued concentration near the swashplate on the retreating side in the Baseline
Phase III hub case, as well as below the bottom spider in the Defeatured hub case. This
feature of the wake is not as prominent in the Low Drag hub case, and a positive gradient is
seen in this area.

4.4.3

Turbulent Kinetic Energy Fluxes

The mean convective flux of the TKE through the wake was also calculated by integrating
uk over the off-body grid slices, and these values for each hub case are shown in Fig. 51.
As expected, a negative slope in the flux is shown as the coordinate in the wake increases.
The Baseline Phase III hubs show the highest levels of TKE convective flux. This result is
logical with the overall increased Reynolds stress content in these hubs as compared with
the Defeatured and Low Drag hubs. The percent difference between the Baseline / Phase III
hubs and the Defeatured hub TKE fluxes, which varies from approximately 27% at x = Dhub
to 37% at x = 3.5Dhub , is a strong indication that the scissor arms are one of the largest
single sources of TKE in the rotor hubs’ wakes. There appears to be a relation between
rotor hub geometry and TKE, indicating that rotor hubs designed to reduce drag correlate
with lower overall TKE. As the Low Drag hub has the lowest drag force recorded in Table
2, it subsequently has the lowest levels of TKE. The overall nearly-identical behavior of the
TKE flux levels is also an indication that geometry does not have a strong effect on TKE
behavior in the wake, and just affects the magnitude.
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Integrating u0 u0 u0 over each slice, shown in Fig. 52, shows a trend towards zero, similar
to the trend seen in Fig. 51. This shows a positive gradient in the stream-wise direction,
indicating that TKE is being transported downstream at progressively lower rates as energy
is dissipated. The differences in magnitudes between the Baseline / Phase III hubs and the
Defeatured hub, which vary from approximately 18.7% at x = Dhub to 46.3% at X = 3.5Dhub ,
again show the discrepancy between rotor hubs with the scissor arms and swashplate and
those without.

4.4.4

Modal Decomposition of Reynolds Stresses

Proper orthogonal decomposition (POD) was used as a tool to understand the study the
evolution of a dominant Reynolds stress component through the wake, and specifically
to discover spatial coherence between solution snapshots.

POD was performed on the

instantaneous Reynolds stress u0 u0 data for five revolutions of rotor hub rotation, which
consisted of 7200 time-steps and thus 7200 modes, for each rotor hub. The first 20 modal
energies are plotted in Fig. 53. The first mode for each case has a much higher energy
than the subsequent modes, indicating that a large portion of the information within the
dataset is captured in the first mode. Differences between the Baseline, the Phase III,
and the Defeatured hub geometries’ modal energy profiles are minor, with the largest
difference between the cases appearing with the first mode. The Low Drag hub geometry’s
energy profile is different from the other three, but maintains the same trend and becomes
indistinguishable from the rest by the seventh mode. The first mode of this hub has a
significantly lower energy than the other hubs, and the Low Drag hub has more energy
distributed throughout the higher-ranked modes than the other hubs. This is an indication
that the modes associated with blade arm passage are much more dominant for the Baseline,
the Defeatured, and the Phase III hubs. The percentage of modal energy captures within the
first 12 modes is shown in Fig. 54 for x = Dhub up to x = 3.5Dhub . For every case, at least 12
modes were needed to capture approximately 50% of the total modal energy. The remaining
50% of the modal energy is contained within the subsequent 7188 modes. This shows that
recovery is relatively slow, suggesting a strong influence by seemingly random fluctuations.
The energy captured in the lower modes is then effectively broadband noise. The Baseline,
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Defeatured, and Phase III hubs’ energies seem to plateau quickly, having less than a 1%
variation between coordinates within 1.5Dhub or 2Dhub . The Low Drag hub case does not
reach the same level of consistency between the coordinates until the last coordinate, again
indicating a more distributed energy profile in the wake.
Contours of the first POD mode of u0 u0 are shown in Figs. 55-56. Patches of high
intensity can be seen scattered throughout the plane at x = Dhub , shown in Fig. 55. The
contours follow the same trends have similar shapes as seen in the Reynolds stress results seen
previously shown in Fig. 40, although the relative apparent magnitudes of the concentrations
in each geometries’ results have changed; for example, the concentration near the retreating
side blade arm in the Low Drag hub results appears to be greater than the concentration
near the scissor arms and swash plate on the retreating side in the Baseline hub results.
The advancing side of the Baseline and Phase III hubs near the blade arms is noticeably
different in the first mode contours, with values approaching zero. This highlights again the
retreating side bias seen in the velocity frequency analysis in Figs. 36-37. This is also visible
to a lesser extent in the Defeatured and Low Drag hub results. This highlights the fact
that the Reynolds stresses captured in this mode, which are the most energetic, are biased
towards the retreating side, similar to what was seen in the velocity frequency analysis in
Figs. 36-37. The Reynolds stresses on the advancing side, which are concentrated in the
mean data and plotted in Fig. 40a, have noticeably low energy in the first POD mode. This
indicates that the Reynolds stress data on the advancing side has been captured in a set of
lower modes; due to the rapidity with which the modal energy levels approach very small
percentages, this set of lower modes is most likely very large. The relatively high energy
level of the first mode illustrated in Fig. 53 shows that a large portion of the Reynolds
stresses, which is mostly concentrated on the retreating side of the hub, evolves with a single
characteristic mode. This suggests that the Reynolds stress average acts as a good metric
for quantifying turbulent behavior in rotor hub wakes.
The behavior of the first mode throughout the wake is plotted in Fig. 56), and the POD
energy diffuses and spreads, behaving similarly to the Reynolds stress data as was inferred
in the plots shown in Figs. 51 and 52. Despite the differences between the first POD mode
and averaged Reynolds stress contours in terms of relative magnitude, the overall behavior
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within both sets of results is very similar. This suggests that the Reynolds stress average
offers a fair approximation of the behavior of the rotor hub wakes. Qualitatively, the level of
coherence and detail seen in these POD results is higher than the contours of the POD modes
of the stream-wise momentum in Wall and Coder [67]. This seems to further strengthen the
Reynolds stress’s position as a metric of turbulent wake behavior in the case of these rotor
hubs over other variables such as the stream-wise momentum.
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Chapter 5: Conclusions
Four rotor hub geometries were simulated in identical flow conditions to study Reynolds
stresses and the evolution of turbulent kinetic energy in the wakes. Surface forces exhibited
expected behaviors, such as the dominant 4/rev frequency present in the phase-averaged
effective flat plate areas, and the spectral content of the same. A significant difference in the
2/rev content of the nearly-identical Baseline and Phase III rotor hubs was an indication that
more data was needed to obtain converged spectral content. Time-averaged stream-wise and
vertical velocity contours were compared to current and past experimental data and showed
good agreement in magnitude and behavior. A bias in the stream-wise velocity towards the
advancing side, seen in experimental data and due to the Magnus effect, was also seen in
the time-averaged velocity contours. Velocity profiles at several x-coordinates in the wake
showed discrepancies compared with experimental results due to the lack of the mounting
pylon.
A frequency analysis of stream-wise and vertical velocity profiles was applied to the rotor
hubs using the fast Fourier transform. For the stream-wise velocity component, the Baseline
and Phase III hubs showed significantly higher 2/rev content than the Defeatured and Low
Drag hubs due to the presence of the scissor arms, which matches well with results seen in
previous studies. Every hub displayed significant 4/rev content, both in the stream-wise and
vertical velocity profiles, which was expected due to the dominant 4/rev symmetry of each
geometry. Significantly, higher frequency content was seemingly under-predicted for the rotor
hubs, with exception to the Low Drag hub. The increased level of higher frequency content
for the Low Drag hub was also seen in the results in Wall and Coder [67], and seems to be
related to the produced lift behavior from the geometry of the blade arms. The Baseline and
Phase III hubs showed increased levels of 6/rev content, albeit still noticeably lower than that
of experimental results, than the other hubs. This suggested that the 6/rev content in the
wake, which has been seen in previous work such as Reich et al. [61], could be attributed to
a non-linear interaction between 2/rev and 4/rev frequency content produced by the scissor
arms and blade stubs, respectively. A general spatial bias towards the retreating side in the
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frequency data was also seen. This bias has been seen in experimental work [61], and is
likely due to the same reason for the physical bias in the time-averaged stream-wise velocity.
Although frequency content in the far wake was not shown or discussed in this work, the
spatial placement of the frequency content in the wake is not likely to change much in the
far wake if disregarding the effects of interactional aerodynamics from the helicopter fuselage
or the helicopter rotor. As the sources of substantial frequency content in the wake as well
as the spatial placement of this content in the wake have been identified, future rotorcraft
vehicles in development which incorporate similar rotor hub designs could be expected to
experience similar behaviors in the wake and likely vibrational loads on the empennage and
tail rotor.
Reynolds stresses were also computed and compared between the rotor hubs, with an
emphasis on their relation to turbulent kinetic energy production using 5 revolutions of data.
It was found through a study of the convergence of these time-averaged terms that general
trends within the data seemed to be consistent, and convergence seemed to be achieved by
5 revolutions of hub rotation. The Baseline and Phase III hubs showed the highest levels of
perturbations in the normal components of the Reynolds stress tensor and the largest profiles
in the wake, with concentrations notably positioned near the scissor arms as well as the blade
arms and top spider in the u0 u0 and w0 w0 results. Perturbations behaved similarly between
the rotor hubs in the shear components u0 v 0 and u0 w0 , with smaller magnitudes overall. The
u0 v 0 results displayed a skew symmetry in the sign of the values, which was from the geometry
and coordinate system used in the simulations. The Baseline and Phase III hubs displayed
additional alternating values in the vicinity of the scissor arms which correlated to the mean
stream-wise velocity span-wise gradients. Vertical profiles of the Reynolds stresses at several
y/Dhub coordinates on the advancing side showed similar behaviors as what has been seen in
the wakes of simple bluff bodies such as a circular cylinder. The Baseline and Phase III hubs’
profiles were similar to those of a circular cylinder, particularly for the y/Dhub coordinates
closest to the center of the rotor hub. The u0 w0 vertical profiles of the Low Drag hub showed
signs of effects from the streamline curvature and stream-wise pressure gradient.
Third-order moments of velocity perturbations were also computed to study TKE
transport in the rotor hub wakes. Both positive and negative gradients were found in the
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stream-wise direction for every rotor hub. As positive gradients are an indication of TKE
transport downstream, the presence of negative gradients was surprising. In every thirdorder moment result, the negative gradients were shaped similarly to the time-averaged
stream-wise velocity contours, including a bias towards the advancing side. Because of the
consistency of this bias in the results, it is most likely caused by the increased shear caused by
the increased relative velocity on the advancing side. This leads to and subsequent increased
mixing in the wake on the advancing side which more quickly diffuses the perturbations in
this area of the wake. As previously mentioned, this is also the likely cause for the retreatingside bias found in the frequency content analysis and POD of the instantaneous Reynolds
stresses. As the perturbations in the wake are diffused more quickly on the advancing side,
the perturbations on the retreating side are relatively stronger and more energetic.
Additionally, the TKE flux was computed and its trend through the wake showed higher
magnitudes of TKE flux in the wake for the Baseline and Phase III hubs compared to that
of the Defeatured and Low Drag hubs, and a relation between drag-reducing geometry and
TKE flux seemed to be present. These results again indicated the significant effect the scissor
arms had on the wake behavior and structures found therein. Integrating u0 u0 u0 over each
plane exported was also computed and displayed a similar trend to that found in the TKE
flux through the wake. This further indicates a relation between rotor hub geometry intended
to reduce drag and the TKE magnitude in the wake. Values of the integrated TKE flux and
u0 u0 u0 in the wake for the Baseline and Phase III hubs were also nearly identical, showing
that these quantities exhibit less sensitivity and could therefore be beneficial for similar
comparison studies than the quantities such as the magnitudes of the Fourier-transformed
surface forces.
Lastly, proper orthogonal decomposition was performed on the instantaneous Reynolds
stress component u0 u0 . In every rotor hub case, the first POD mode had significantly
higher modal energy than subsequent modes, attaining 25%-33% of the total modal energy
depending on the rotor hub. The first 12 (of 7200) POD modes encompassed approximately
50% of the total modal energy at each coordinate within the wake. The first POD mode
contours also showed much of the same behavior captured in the averaged Reynolds stress
contours, indicating that the averaged values produce a fair approximation of the data. The
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qualitative coherence shown by the POD results also strengthens the Reynolds stress average
as a metric of turbulent wake behavior for rotor hubs. The first POD mode contours showed
that much of the highest-energy Reynolds stresses were concentrated on the retreating side
of the rotor hub. This indicated that the Reynolds stress data on the advancing side was
captured in a large set of lower POD modes, meaning that these perturbations occurred more
frequently but were weaker than those on the retreating side. This corresponds with the
frequency content results, and physically this indicates that any loads felt by the empennage
and tail rotor of a given helicopter will most likely have a harmonic behavior on the retreating
side and a more turbulent behavior on the advancing side. Qualitatively, coherence in the first
POD mode appeared higher than that of POD modes of stream-wise momentum computed
in past work.
Continued work on this subject has included a similar study of a coaxial rotor hub,
which corresponded to experimental work recorded in Tierney et al. [101], and is published
in Mobley and Coder [102]. Due to differences in the free stream Reynolds number and hub
advance ratio used, it was not included in this document. Future analyses of rotor hubs
should include a more-thorough analysis of the frequency content and Reynolds stresses in
the far wake, where the wake may interact with the empennage and/or the tail rotor. As
these hubs were completely isolated, the effects of interactional aerodynamics were also not
present in this work. Therefore, how the spectral content and the velocity perturbations
behave when the helicopter fuselage is present, and how this affects the possible interactions
with the empennage, is also a future topic of study. With regards to the turbulence analysis,
quantification of the unresolved scales is another topic which would be beneficial.
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Appendix A: Chapter 1 Figures and
Tables

Figure 1: Helicopter with single rotor and tail rotor configuration [103]
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(a) Bréguet-Richet Gyroplane No.
Aug. 1907 [3]

1,

(b) Paul Cornu’s tandem helicopter, Nov.
1907 [3]

(c) Igor I. Sikorsky’s coaxial helicopter,
1910 [3]

(d) Marquis Pescara’s coaxial helicopter,
1924 [2]

Figure 2: Early designs of aircraft capable of vertical flight
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Figure 3: Helicopter lift dissymmetry [5]

Figure 4: Bell Model 206 teetering rotor hub [4]
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Figure 5: Boeing Rotorcraft Systems CH-46 fully-articulated rotor hub [4]

Figure 6: Messerschmitt-Bölkow-Blohn BO-105 hingeless rotor hub [4]

Figure 7: Lockheed AH-56 bearingless rotor hub [4]
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Appendix B: Chapter 2 Figures and
Tables

Figure 8: Boeing-Sikorsky SB>1 Defiant coaxial rotor helicopter [104]

Figure 9: Boeing CH-47 Chinook tandem rotor helicopter [105]
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Figure 10: Kaman K-MAX intermeshing rotor helicopter [5]

Figure 11: Helicopter swashplate geometry [5]

Figure 12: Lockheed CL-475 with pylon and hub fairing [4]
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Figure 13: Boeing MH-139A with “beanie” hub fairing [106]

Figure 14: Aerospatiale SA 342 fully-articulated rotor hub [4]
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Figure 15: Aerospatiale SA 330 fully-articulated rotor hub [4]

Figure 16: Boeing CH-47 fully-articulated rotor hub [4]
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Figure 17: Bell Model 47 [4]

Figure 18: XH-59A Advancing Blade Concept helicopter [27]
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(a) NACA 0012 dual-component shaft
fairing

(b) Baseline shaft fairing

(d) Tested shaft fairing planform modifications
(c) Teardrop shaft fairing

Figure 19: Shaft fairings tested on the XH-59A [28]

Figure 20: Bell Helicopter Textron Model 222 helicopter [32]
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Figure 21: GIT rotor hub model [39]
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Appendix C: Chapter 3 Figures and
Tables

Figure 22: Phase III hub experimental model, modified from Ref. [68]

Table 1: Rotor Hub Grid Cell Count
Hub
Grid Points
Baseline
53.7 × 106
Defeatured
35.7 × 106
Low Drag
28.5 × 106
Phase III
55.9 × 106
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 23: Rotor hub geometries

(a) Surface grid, upper side

(b) Surface grid, lower side

(c) Off-body grid

Figure 24: Baseline hub grid
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(a) Surface grid, upper side

(b) Surface grid, lower side

(c) Off-body grid

Figure 25: Defeatured hub grid

(a) Surface grid, upper side

(b) Surface grid, lower side

(c) Off-body grid

Figure 26: Low Drag hub grid
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(a) Surface grid, upper side

(b) Surface grid, lower side

(c) Off-body grid

Figure 27: Phase III hub grid
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Appendix D: Chapter 4 Figures and
Tables

(a) Vorticity magnitude contours (ωDhub /U∞ )

2 /U 2 = 1 × 10−4
(b) Iso-surface of Q-criterion QDhub
∞



Figure 28: Instantaneous wake profiles of the Baseline hub
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Table 2: Time-Averaged Flat Plate Areas
Rotor Hub
D/q (in2 )
Experimental (Phase III)
52.80
Baseline
45.94
Defeatured
32.25
Low Drag
19.98
Phase III
46.39

(a) Equivalent flat plate drag area

L/q (in2 )
-3.580
-22.83
-27.33
-1.716

(b) Equivalent flat plate lift area

Figure 29: Phase-averaged rotor hub equivalent flat plate areas

(a) Equivalent flat plate drag area

(b) Equivalent flat plate lift area

Figure 30: DFT of rotor hub equivalent flat plate areas
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(a) Mean u-velocity, experimental

(b) Mean u-velocity, CFD

(c) Mean w-velocity, experimental

(d) Mean w-velocity, CFD

Figure 31: Time-averaged velocity contours of the Phase III hub, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 32: Time-averaged stream-wise velocity profiles, y = 0, experimental and CFD
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 33: Time-averaged span-wise velocity profiles, y = 0, CFD
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 34: Time-averaged vertical velocity profiles, y = 0, CFD
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Figure 35: Vertical velocity harmonics, y = 0
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 36: Streamwise velocity fluctuations, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 37: Vertical velocity fluctuations, x = Dhub
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Figure 38: PSD of the stream-wise momentum in the Baseline hub wake

2 profiles
(a) u0 u0 /U∞

2 profiles
(b) u0 v 0 /U∞

Figure 39: Reynolds stress data convergence, y = 0 and x = Dhub

97

(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
2
Figure 40: Normalized Reynolds stress u0 u0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
2
Figure 41: Normalized Reynolds stress v 0 v 0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
2
Figure 42: Normalized Reynolds stress w0 w0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
2
Figure 43: Normalized Reynolds stress u0 v 0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
2
Figure 44: Normalized Reynolds stress u0 w0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
3
Figure 45: Third order moment u0 u0 u0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
3
Figure 46: Third order moment u0 u0 u0 /U∞
, full wake
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
3
Figure 47: Third order moment u0 v 0 v 0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
3
Figure 48: Third order moment u0 v 0 v 0 /U∞
, full wake
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
3
Figure 49: Third order moment u0 w0 w0 /U∞
, x = Dhub
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(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub
3
Figure 50: Third order moment u0 w0 w0 /U∞
, full wake
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Figure 51: Normalized TKE convective flux through hub wake

3
Figure 52: u0 u0 u0 /U∞
integrated through the wake
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Figure 53: POD modal energy distribution, x = Dhub

Figure 54: POD modal energy, first 12 modes

110

(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 55: POD of u0 u0 , first mode, x = Dhub

111

(a) Baseline hub

(b) Defeatured hub

(c) Low Drag hub

(d) Phase III hub

Figure 56: POD of u0 u0 , first mode, full wake
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